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Advances in biotechnology over the last ten years have made 
it possible for the researcher to alter gene expression in vivo in 
many diverse ways (1). With the establishment of embryonic 
stem (ES) ! cell technology (2), more subtle and precise alter- 
ations can now be achieved than were previously possible us- 
ing microinjection techniques. However, to date germline 
transmission has only been achieved with mouse ES cells, and 
microinjection continues to be the method most widely used 
for other species. While the mouse has a number of advan- 
tages, not least the depth of our knowledge of its genetics, 
other species are being increasingly used for transgenic studies 
due to their greater suitability for addressing specific ques- 
tions. We will briefly review the application of transgenic tech- 
nology to nonmurine species as it stands at present, with par- 
ticular emphasis on developments appertaining to biomedical 
research. 

Transgenesis by pronuclear injection 

A number of significant limitations regarding the application 
of pronuclear injection to nonmurine animals have been iden- 
tified (3), not least being the time and cost. Such limitations 
are due to longer gestation and generation times, reduced lit- 
ter sizes, and higher maintenance costs. Further consideration 
must be given to the large numbers of fertilized eggs (and 
hence donor animals) required for microinjection, the high 
cost of carrying nontransgenic offspring to term, and the rela- 
tively low efficiency of gene integration. Such limitations are 
particularly severe for the production of bovine transgenics 
and, as a consequence, more significant departures from the 
standard procedures used for the mouse have been adopted 
for this species (4). For example, the use of in vitro embryo 
production in combination with gene transfer technology has 
played a large role in the development of transgenic cattle. 
The development of microinjected embryos through to the 
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morula/blastocyst stage in recipient rabbits or sheep, enables 
sexing, transgene screening, and cloning to take place before 
reintroduction into the natural host, providing that such 
screening methods are robust and reliable. 

The major problem regarding pronuclear microinjection is 
that the exogenous DNA integrates randomly into chromo- 
somal DNA. Position effects, where the transgene is influ- 
enced by its site of integration in the host chromosome (5), can 
have major consequences on the expression of the transgene, 
including loss of cell specificity, inappropriately high copy 
number-independent expression and complete silencing of the 
transgene. This is of greater concern in nonmurine transgene- 
sis where the investment is higher. Position-independent, copy 
number-related expression can be achieved using sequences 
such as the locus control regions identified upstream of the 
p-globin gene cluster and downstream of the CD2 gene (6, 7), 
the A elements which flank the chicken lysozyme gene (8), and 
matrix attachment regions (9). Such elements have been 
shown to function across species barriers, and their incorpora- 
tion into gene constructs can overcome position effects and im- 
prove expression of heterologous genes within specific cell 
types (5). In many cases, simply including large amounts of 
flanking sequences may be sufficient to overcome position ef- 
fects and direct expression to specific tissues. To this end, the 
development and use of PI (10), bacterial artificial chromo- 
some (BAC) (11) and yeast artificial chromosome (YAC) vec- 
tors (12) for cloning of large segments of DNA, should greatly 
improve the chances of including important regulatory ele- 
ments, including those involved in chromatin structure, within 
the transgene construct. 

Embryonic stem cell technology 

With the development of ES cell technology in the mouse (2), 
genetic manipulations can be performed in cell culture using 
appropriate selection strategies to permit the directed integra- 
tion of the transgene to a specific region of the chromosome 
via homologous recombination. With the advent of homolo- 
gous recombination, the researcher is able to insertionally in- 
activate, replace, or introduce subtle alterations to the endoge- 
nous gene of interest. Once the intended genetic change has 
been verified, the appropriate ES cells are introduced into 
blastocysts by microinjection, and, during subsequent gesta- 
tion, may contribute to the developing embryo. If such a con- 
tribution is made, then by definition the resulting animal 
would be chimeric, being derived in part from the ES cells 
originating in culture. Assuming that the chimerism extends to 
the germline, then an appropriate breeding strategy will lead 
to the recovery of nonchimeric heterozygotes and, if viable, 
mice which are homozygous for the genetic change. 

Most attempts to isolate and culture inner cell mass (ICM) 
cells from other species are based on the methods used for the 
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mouse. ES cells are maintained in culture in the presence of 
mouse-derived differentiation-inhibiting agents, provided ei- 
ther as a media supplement or through cocultivation in the 
presence of feeder cells. It has been suggested that these 
mouse-derived agents do not adequately prevent differentia- 
tion of stem cells in species other than the mouse, and pluripo- 
tent rat ES cells, capable of producing chimeras, were found to 
grow best on primary rat embryonic fibroblasts, as the feeder 
layer (13). Freshly isolated cells f~om ICMs have been injected 
into blastocysts to produce chimeric offspring in both sheep 
and cattle (14), and their totipotency at this stage is further 
demonstrated by their ability to produce offspring after trans- 
fer into enucleated oocytes (15). Such nuclear transfer tech- 
niques are potentially very useful for the production of clonal 
offspring and would avoid the initial chimeric generation ne- 
cessitated by the injection of ES cells into blastocysts. Re- 
cently, bovine-specific culture methods have shown promise 
with cells of up to 27 d of age maintaining their ability to direct 
normal calf development following nuclear transfer (16). How- 
ever, at the present time the reliable generation of bovine ES 
cell lines requires the pooling of ICMs from several blastocysts 
and further efforts are required to enable the long-term cul- 
ture of clonal bovine ES cells. Although to date chimeric ani- 
mals have been generated from several species including the 
pig (17), in no species other than the mouse has germline 
transmission of an ES cell been successfully demonstrated. 
This remains a major goal for the future and may well require 
the use of novel strategies which depart widely from the tradi- 
tional methods used in the mouse. 

Nonmurine species in biomedical research 
Selected physiological questions may be more conveniently 
modelled in the rat or in larger species. Not only can physical 
size be an advantage for biochemical sampling and physiologi- 
cal analyses, but certain genes may provide useful information 
when introduced into, for example, the rat genome when par- 
allel experiments in the mouse would be ineffective. Examples 
include the modulation of blood pressure by the mouse Ren-2 
gene (18) and the modeling of inflammatory disease (19). In 
both cases, but for different reasons, no phenotype was ob- 
served in the respective transgenic, mice, highlighting one of 
the advantages of having alternative species for understanding 
physiological mechanisms and the etiology of disease. More 
recently, a number of transgenic experiments have been un- 
dertaken to investigate lipoprotein metabolism. The human 
apolipoprotein A-l gene was. successfully expressed in the rat 
(20), resulting in increased serum HDL cholesterol concentra- 
tions, and attempts to therapeutically lower apo B100, and 
hence LDL and lipoprotein(a) concentrations, in the rabbit 
were successful (21) but resulted in complications. Although 
the targeted expression of the apo B~editing protein in the 
liver of the transgenic rabbits resulted in reduced LDL and li- 
poprotein(a) concentrations as intended, many of the animals 
developed liver dysplasia, suggesting that high level expression 
of the editing protein had unforeseen and detrimental side ef- 
fects, possibly via the editing of other important mRNAs.The 
rabbit has also been used in HIV-1 research, with the develop- 
ment of a line expressing the human CD4 protein on T lym- 
phocytes (22). Susceptibility to HIV infection was demon- 
strated, and although the rabbits are less sensitive to infection 
than humans, they may represent an inexpensive alternative to 
primates for many studies. 



Gene transfer in farm animals was initially aimed towards 
improving production efficiency, carcass quality (23), and dis- 
ease resistance of livestock. However, it has been suggested 
that the simple over-expression of hormones such as growth 
hormone may have unacceptable side effects. Recently some 
elegant studies of growth using transgenic rats have been per- 
formed and are likely to yield valuable information on the bio- 
chemistry and physiology of growth (24, 25). A more success- 
ful application of transgenesis in farm animals has been the 
production of biomedically important proteins. The two most 
popular methods have been to direct expression to hematopoi- 
etic cells or to the lactating mammary gland. In the former 
case, transgenic swine expressing high levels of human hemo- 
globin were generated using the locus control region from the 
P-globin gene cluster to overcome positional effects and direct 
expression to the hematopoietic cells (26). However, due to its 
natural ability to synthesize and secrete large amounts of pro- 
tein, the mammary gland has become the primary focus for the 
expression of heterologous proteins in large mammals. Trans- 
gene expression has been successfully directed to the mam- 
mary gland using promoter sequences from milk protein genes 
such as those encoding ovine p-lactoglobulin (BLG), goat 
(S-casein, and murine whey acidic protein. The BLG promoter 
was used to direct expression of human otj -antitrypsin in lines 
of transgenic mice and sheep (27). Interestingly, a wide varia- 
tion in expression was observed between mouse lines, and 
from one lactation to another within a single line. In sheep 
however, similar high levels of heterologous protein were ex- 
pressed in milk over consecutive lactations and over several 
generations in a given transgenic line, allowing the viable de- 
velopment of a flock of transgenic sheep. In separate studies 
high levels of expression of human tissue plasminogen activa- 
tor were obtained in goat's milk under the control of the goat 
(3-casein promoter (28). The development of suitable purifica- 
tion methods and the use of transgenically produced proteins 
in clinical trials are well advanced, and, if successful, will have 
important implications for the production of human proteins 
in transgenic livestock. Poor expression of the ovine promoter 
in the mpuse may reflect species differences in recognizing het- 
erologous versus homologous promoters and raises questions 
concerning the predictive value of mouse models. At best 
therefore the generation of transgenic mice may, in certain 
cases, only be a guide to the potential success of a transgene 
construct in another species. 

Gene transfer could equally be used to enhance the quality 
and suitability of milk derived from domesticated animals as a 
food for human consumption. Human milk is devoid of p-lac- 
toglobulin, which is responsible for most of the allergies to 
cows* milk, and has a relatively high content of lactoferrin, 
which is important in iron transport and combating bacterial 
infections. One could envisage in the future the reduction of 
saturated fat content in cows' milk and the knock-out of un- 
wanted proteins or their replacement with other more useful 
components. Through the manipulation of milk constituents it 
should be possible to more closely emulate the desirable com- 
ponents of human milk. The alteration of milk composition 
would appear to be a practical possibility given that milk mi- 
celles are remarkably tolerant to changes in composition, as 
demonstrated by the knock-out of the mouse p-casein gene 
(29). Ethical concerns regarding the generation of transgenic 
animals, which have been engineered specifically for pharma- 
ceutical, medical, or nutritional reasons, lie outside the scope 
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of this overview, however it must be clearly ascertained that 
expression of a transgene does not compromise the animal. 

Xenograft organs for transplantation surgery 
The shortage of human organs for transplantation has raised 
interest in the possibility of xenotransplantation, i.e. the use of 
animal organs (30). However, the major barrier to successful 
xenogeneic organ transplantation is the phenomenon of com- 
plement-mediated hyperacute rejection (HAR), brought 
about by high levels of circulating natural antibodies that rec- 
ognize carbohydrate determinants on the surface of xenoge- 
neic cells. After transplantation- of the donor organ, a massive 
inflammatory response ensues through activation of the classi- 
cal complement cascade. This leads to activation and destruc- 
tion of the vascular endothelial cells and, ultimately, the donor 
organ. The membrane-associated complement inhibitors, en- 
dogenous to the donor organ, are species restricted and thus 
confer only limited resistance. The complement cascade is reg- 
ulated at specific points by proteins such as decay accelerating 
factor (DAF), membrane cofactor protein, and CD59. These 
regulators of complement activation are species specific. The 
initial strategy used to address HAR in porcine-to-primate xe- 
notransplantation was to produce transgenic pigs expressing 
high levels of the human terminal complement inhibitor, 
hCD59. This was shown to protect the xenogeneic cells from 
human complement-mediated lysis in vitro (31). More re- 
cently, organ transplantation has been achieved using donor 
pigs which expressed human DAF on their endothelium (32), 
or both DAF and CD59 on erythrocytes, such that the proteins 
translocated to the cell membranes of endothelial cells (33). 
After transplantation, the pig hearts survived in recipient ba- 
boons for prolonged periods without rejection (33). Clearly, 
such genetic manipulations are bringing xenotransplantation 
ever closer to reality. If the isolation of suitable ES cells and 
application of homologous recombination becomes a reality in 
the pig, it may be possible to knockout the antigenic determi- 
nants to which antispecies antibodies bind, as a further strat- 
egy for eliminating HAR. 

Summary 

The use of nonmurine species for transgenesis will continue to 
reflect the suitability of a particular species for the specific 
questions being addressed, bearing in mind that a given con- 
struct may react very differently from one species to another. 
The application of transgenesis irrthe pig should produce ma- 
jor advances in the fields of transfusion^ and transplantation 
technology, while alterations in the composition of milk in a 
range of domesticated animals will have major effects on the 
production of pharmacologically important proteins and could 
eventually lead to the development of human milk substitutes. 
Despite the lack of germline transmission to date, major ef- 
forts continue to be directed towards the generation and use of 
ES cells from nonmurine species, using both traditional and 
new technologies, and the availability of such cells is likely to 
accelerate both the use of such species and the precision with 
which genetic changes can be introduced. 
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Advances in biotechnology over the last ten years have made 
it possible for the researcher to alter gene expression in vivo in 
many diverse ways (1). With the establishment of embryonic 
stem (ES) 1 cell technology (2), more subtle and precise alter- 
ations can now be achieved than were previously possible us- 
ing microinjection techniques. However, to date germline 
transmission has only been achieved with mouse ES cells, and 
microinjection continues to be the method most widely used 
for other species. While the mouse has a number of advan- 
tages, not least the depth of our knowledge of its genetics, 
other species are being increasingly used for transgenic studies 
due to their greater suitability for addressing specific ques- 
tions. We will briefly review the application of transgenic tech- 
nology to nonmurine species as it stands at present, with par- 
ticular emphasis on developments appertaining to biomedical 
research. 

Transgenesis by pronuclear injection 

A number of significant limitations regarding the application 
of pronuclear injection to nonmurine animals have been iden- 
tified (3), not least being the time and cost. Such limitations 
are due to longer gestation and generation times, reduced lit- 
ter sizes, and higher maintenance costs. Further consideration 
must be given to the large numbers of fertilized eggs (and 
hence donor animals) required for microinjection, the high 
cost of carrying nontransgenic offspring to term, and the rela- 
tively low efficiency of gene integration. Such limitations are 
particularly severe for the production of bovine transgenics 
and, as a consequence, more significant departures from the 
standard procedures used for the mouse have been adopted 
for this species (4). For example, the use of in vitro embryo 
production in combination with gene transfer technology has 
played a large role in the development of transgenic cattle. 
The development of microinjected embryos through to the 
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morula/blastocyst stage in recipient rabbits or sheep, enables 
sexing, transgene screening, and cloning to take place before 
reintroduction into the natural host, providing that such 
screening methods are robust and reliable. 

The major problem regarding pronuclear microinjection is 
that the exogenous DNA integrates randomly into chromo- 
somal DNA. Position effects, where the transgene is influ- 
enced by its site of integration in the host chromosome (5), can 
have major consequences on the expression of the transgene, 
including loss of cell specificity, inappropriately high copy 
number-independent expression and complete silencing of the 
transgene. This is of greater concern in nonmurine transgene- 
sis where the investment is higher. Position-independent, copy 
number-related expression can be achieved using sequences 
such as the locus control regions identified upstream of the 
p-globin gene cluster and downstream of the CD2 gene (6, 7), 
the A elements which flank the chicken lysozyme gene (8), and 
matrix attachment regions (9). Such elements have been 
shown to function across species barriers, and their incorpora- 
tion into gene constructs can overcome position effects and im- 
prove expression of heterologous genes within specific cell 
types (5). In many cases, simply including large amounts of 
flanking sequences may be sufficient to overcome position ef- 
fects and direct expression to specific tissues. To this end, the 
development and use of PI (10), bacterial artificial chromo- 
some (BAC) (11) and yeast artificial chromosome (YAC) vec- 
tors (12) for cloning of large segments of DNA, should greatly 
improve the chances of including important regulatory ele- 
ments, including those involved in chromatin structure, within 
the transgene construct. 

Embryonic stem cell technology 

With the development of ES cell technology in the mouse (2), 
genetic manipulations can be performed in cell culture using 
appropriate selection strategies to permit the directed integra- 
tion of the transgene to a specific region of the chromosome 
via homologous recombination. With the advent of homolo- 
gous recombination, the researcher is able to insertionally in- 
activate, replace, or introduce subtle alterations to the endoge- 
nous gene of interest. Once the intended genetic change has 
been verified, the appropriate ES cells are introduced into 
blastocysts by microinjection, and, during subsequent gesta- 
tion, may contribute to the developing embryo. If such a con- 
tribution is made, then by definition the resulting animal 
would be chimeric, being derived in part from the ES cells 
originating in culture. Assuming that the chimerism extends to 
the germline, then an appropriate breeding strategy will lead 
to the recovery of nonchimeric heterozygotes and, if viable, 
mice which are homozygous for the genetic change. 

Most attempts to isolate and culture inner cell mass (ICM) 
cells from other species are based on the methods used for the 
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mouse. ES cells are maintained in culture in the presence of 
mouse-derived differentiation-inhibiting agents, provided ei- 
ther as a media supplement or through cocultivation in the 
presence of feeder cells. It has been suggested that these 
mouse-derived agents do not adequately prevent differentia- 
tion of stem cells in species other than the mouse, and pluripo- 
tent rat ES cells, capable of producing chimeras, were found to 
grow best on primary rat embryonic fibroblasts- as the feeder 
layer (13). Freshly isolated cells f 5 *om ICMs have been injected 
into blastocysts to produce chimeric offspring in both sheep 
and cattle (14), and their totipotency at this stage is further 
demonstrated by their ability to produce offspring after trans- 
fer into enucleated oocytes (15). Such nuclear transfer tech- 
niques are potentially very useful for the production of clonal 
offspring and would avoid the initial chimeric generation ne- 
cessitated by the injection of ES cells into blastocysts. Re- 
cently, bovine-specific culture methods have shown promise 
with ceils of up to 27 d of age maintaining their ability to direct 
normal calf development following nuclear transfer (16). How- 
ever, at the present time the reliable generation of bovine ES 
cell lines requires the pooling of ICMs from several blastocysts 
and further efforts are required to enable the long-term cul- 
ture of clonal bovine ES cells. Although to date chimeric ani- 
mals have been generated from several species including the 
pig (17), in no species other than the mouse has germline 
transmission of an ES cell been successfully demonstrated. 
This remains a major goal for the future and may well require 
the use of novel strategies which depart widely from the tradi- 
tional methods used in the mouse. 

Nonmurine species in biomedical research 
Selected physiological questions may be more conveniently 
modelled in the rat or in larger species. Not only can physical 
size be an advantage for biochemical sampling and physiologi- 
cal analyses, but certain genes may provide useful information 
when introduced into, for example, the rat genome when par- 
allel experiments in the mouse would be ineffective. Examples 
include the modulation of blood pressure by the mouse Ren-2 
gene (18) and the modeling of inflammatory disease (19). In 
both cases, but for different reasons, no phenotype was ob- 
served in the respective transgenic, mice, highlighting one of 
the advantages of having alternative species for understanding 
physiological mechanisms and the etiology of disease. More 
recently, a number of transgenic experiments have been un- 
dertaken to investigate lipoprotein metabolism. The human 
apolipoprotein A-l gene was. successfully expressed in the rat 
(20), resulting in increased serum HDL cholesterol concentra- 
tions, and attempts to therapeutically lower apo B100, and 
hence LDL and lipoprotein(a) concentrations, in the rabbit 
were successful (21) but resulted in complications. Although 
the targeted expression of the apo B-editing protein in the 
liver of the transgenic rabbits resulted in reduced LDL and li- 
poprotein(a) concentrations as intended, many of the animals 
developed liver dysplasia, suggesting that high level expression 
of the editing protein had unforeseen and detrimental side ef- 
fects, possibly via the editing of other important mRNAs.The 
rabbit has also been used in HIV-1 research, with the develop- 
ment of a line expressing the human CD4 protein on T lym- 
phocytes (22). Susceptibility to HIV infection was demon- 
strated, and although the rabbits are less sensitive to infection 
than humans, they may represent an inexpensive alternative to 
primates for many studies. 



Gene transfer in farm animals was initially aimed towards 
improving production efficiency, carcass quality (23), and dis- 
ease resistance of livestock. However, it has been suggested 
that the simple over-expression of hormones such as growth 
hormone may have unacceptable side effects. Recently some 
elegant studies of growth using transgenic rats have been per- 
formed and are likely to yield valuable information on the bio- 
chemistry and physiology of growth (24, 25). A more success- 
ful application of transgenesis in farm animals has been the 
production of biomedically important proteins. The two most 
popular methods have been to direct expression to hematopoi- 
etic cells or to the lactating mammary gland. In the former 
case, transgenic swine expressing high levels of human hemo- 
globin were generated using the locus control region from the 
P-globin gene cluster to overcome positional effects and direct 
expression to the hematopoietic cells (26). However, due to its 
natural ability to synthesize and secrete large amounts of pro- 
tein, the mammary gland has become the primary focus for the 

1 expression of heterologous proteins in large mammals. Trans- 
gene expression has been successfully directed to the mam- 
mary gland using promoter sequences from milk protein genes 
such as those encoding ovine 3-lactoglobulin (BLG), goat 

j} fl-casein, and murine whey acidic protein. The BLG promoter 
was used to direct expression of human aj -antitrypsin in lines 
of transgenic mice and sheep (27). Interestingly, a wide varia- 
tion in expression was observed between mouse lines, and 
from one lactation to another within a single line. In sheep 
however, similar high levels of heterologous protein were ex- 
pressed in milk over consecutive lactations and over several 
generations in a given transgenic line, allowing the viable de- 
velopment of a flock of transgenic sheep. In separate studies 
high levels of expression of human tissue plasminogen activa- 
tor were obtained in goat's milk under the control of the goat 
p-casein promoter (28). The development of suitable purifica- 
tion methods and the use of transgenically produced proteins 
in clinical trials are well advanced, and, if successful, will have 
important implications for the production of human proteins 
in transgenic livestock. Poor expression of the ovine promoter 
in the mouse may reflect species differences in recognizing het- 
erologous versus homologous promoters and raises questions 
concerning the predictive value of mouse models. At best 
therefore the generation of transgenic mice may, in certain 
cases, only be a guide to the potential success of a transgene 
construct in another species. 

Gene transfer could equally be used to enhance the quality 
and suitability of milk derived from domesticated animals as a 
food for human consumption. Human milk is devoid of p-lac- 
toglobulin, which is responsible for most of the allergies to 
cows* milk, and has a relatively high content of lactoferrin, 
which is important in iron transport and combating bacterial 
infections. One could envisage in the future the reduction of 
saturated fat content in cows' milk and the knock-out of un- 
wanted proteins or their replacement with other more useful 
components. Through the manipulation of milk constituents it 
should be possible to more closely emulate the desirable com- 
ponents of human milk. The alteration of milk composition 
would appear to be a practical possibility given that milk mi- 
celles are remarkably tolerant to changes in composition, as 
demonstrated by the knock-out of the mouse 3-casein gene 
(29). Ethical concerns regarding the generation of transgenic 
animals, which have been engineered specifically for pharma- 
ceutical, medical, or nutritional reasons, lie outside the scope 
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of this overview, however it must be clearly ascertained that 
expression of a transgene does not compromise the animal. 

Xenograft organs for transplantation surgery 
The shortage of human organs for transplantation has raised 
interest in the possibility of xenotransplantation, i.e. the use of 
animal organs (30). However, the major barrier to successful 
xenogeneic organ transplantation is the phenomenon of com- 
plement-mediated hyperacute rejection (HAR), brought 
about by high levels of circulating natural antibodies that rec- 
ognize carbohydrate determinants on the surface of xenoge- 
neic cells. After transplantation- of the donor organ, a massive 
inflammatory response ensues through activation of the classi- 
cal complement cascade. This leads to activation and destruc- 
tion of the vascular endothelial cells and, ultimately, the donor 
organ. The membrane-associated complement inhibitors, en- 
dogenous to the donor organ, are species restricted and thus 
confer only limited resistance. The complement cascade is reg- 
ulated at specific points by proteins such as decay accelerating 
factor (DAF), membrane cofactor protein, and CD59. These 
regulators of complement activation are species specific. The 
initial strategy used to address HAR in porcine-to-primate xe- 
notransplantation was to produce transgenic pigs expressing 
high levels of the human terminal complement inhibitor, 
hCD59. This was shown to protect the xenogeneic cells from 
human complement-mediated lysis in vitro (31). More re- 
cently, organ transplantation has been achieved using donor 
pigs which expressed human DAF on their endothelium (32), 
or both DAF and CD59 on erythrocytes, such that the proteins 
translocated to the cell membranes of endothelial cells (33). 
After transplantation, the pig hearts survived in recipient ba- 
boons for prolonged periods without rejection (33). Clearly, 
such genetic manipulations are bringing xenotransplantation 
ever closer to reality. If the isolation of suitable ES cells and 
application of homologous recombination becomes a reality in 
the pig, it may be possible to knockout the antigenic determi- 
nants to which antispecies antibodies bind, as a further strat- 
egy for eliminating HAR. 

Summary 

The use of nonmurine species for transgenesis will continue to 
reflect the suitability of a particular species for the specific 
questions being addressed, bearing in mind that , a given con- 
struct may react very differently from one species to another. 
The application of transgenesis hrthe pig should produce ma- 
jor advances in the fields of transfusion^ and transplantation 
technology, while alterations in the composition of milk in a 
range of domesticated animals will have major effects on the 
production of pharmacologically important proteins and could 
eventually lead to the development of human milk substitutes. 
Despite the lack of germline transmission to date, major ef- 
forts continue to be directed towards the generation and use of 
ES cells from nonmurine species, using both traditional and 
new technologies, and the availability of such cells is likely to 
accelerate both the use of such species and the precision with 
which genetic changes can be introduced. 

References 

1. Murphy, D„ and D.A. Carter, editors. 1993. Transgenesis techniques: 
principals and protocols In Methods in Molecular Biology. Vol. 18. Humana 
Press Inc.,Totowa,NJ. 

2. Hooper. M.L. 1992. Embryonal Stem Cells, Introducing Planned 



Changes into the Animal Germline. Harwood Academic Publishers, Berks, 
UK. 

3. Mullins, J J., and LJ. Mullins. 1993. Transgenesis in non-murine species. 
Hypertension (Dallas). 22:630-633. 

4. Eyestone, W.H. 1994. Challenges and progress in the production of trans- 
genic cattle. Reprod. Fertii Dev. 6:647-652. 

5. Clark, A.J., P. Bissinger, D.W. Bullock, S. Damak, R. Wallace, C.B.A, 
Whitelaw, and F. Yull. 1994. Chromosomal position effects and the modulation 
of transgene expression. Reprod. Fertii Dev. 6:589-598. 

6. Orkin, S.H. 1990. Globin gene regulation and switching. Cell. 63:665-672. 

7. Lake, R.A., D. Wotton, and M.J. Owen. 1990. A 3' transcriptional en- 
hancer regulates tissue-specific expression of the human CD2 gene. EM BO 
(Eur. Mol. Biol. Organ.) J. 9:3129-3136. 

8. Bonifer, C, M. Vidal, F. Grosveld, and A.E. Sippel. 1990. Tissue specific 
and position independent expression of the complete gene for chicken 
lysozyme in transgenic mice. EM BO (Eur. Mot. Biol. Organ.) J. 9:2843-2848. 

9. McKnight, R.A., A. Shamay, L. Sankaran, R.J. Wall, and L. Hen- 
nighausen, 1992. Matrix-attachment regions can impart position-independent 
regulation of a tissue-specific gene in transgenic mice. Proc. Natl. Acad. Sci, 
USA. 89:6943-6947. 

10. Pierce, J.C., B. Sauer, and N. Sternberg. 1992. A positive selection vec- 
tor for cloning high molecular weight DNA by the bacteriophage PI system: 
improved cloning efficacy. Proc. Natl. Acad, Sci USA. 89:2056-2060. 

11. Shizuya, H., B. Birren. U.-J. Kim, V. Mancino, T. Slepak, Y. Tachiiri, 
and M. Simon. 1992. Cloning and stable maintenance of 300-kilobase-pair frag- 
ments of human DNA in Escherichia coli using an F-factor-based vector. Proc 
Natl. Acad. Sci USA. 89:8794-8797. 

12. Larin, Z., A.P. Monaco, and H. Lehrach. 1991. Yeast artificial chromo- 
some libraries containing large inserts of mouse and human DNA. Proa Natl. 
Acad. Sci USA. 88:4123^1127. 

13. Iannacconne, P.M.. G.U. Taborn, R.L. Garton, M.D. Caplice, and D.R. 
B renin. 1994. Pluripotent embryonic stem cells from the rat are capable of pro- 
ducing chimeras. Dev. Biol. 163:28&-292. 

14. Anderson, G.B. 1992. Isolation and use of embryonic stem cells from 
livestock species. Anim. Biotechnol. 3:165-175. 

15. Sims, M., and N.L. First. 1993. Production of calves by transfer of nuclei 
from cultured inner cell mass cells. Proc. Natl. Acad. Sci USA. 90:6143-6147. 

16. First, N.L., M.M. Sims, S.P. Park, and M.J. Kent-First. 1994. Systems for 
production of calves from cultured bovine embryonic cells. Reprod. Fertii. Dev. 
6:553-562. 

17. Wheeler, M.B. 1994 Development and validation of swine embryonic 
stem cells: a review. Reprod. Fertii Dev. 6:563-568. 

18. Mullins, J.J., J. Peters, and D. Ganten. 1990. Fulminant hypertension in 
transgenic rats harbouring the mouse Ren-2 gene. Nature (Lond.). 344:541-544. 

19. Hammer, R.E., S.D. Maika, J.A. Richardson, J.-P. Tang, and J.D. Tau- 
rog. 1990. Spontaneous inflammatory disease in transgenic rats expressing 
HLA-B27 and human (J 2 -m: an animal model of HLA-B27- associated human 
disorders. Cell 63:109^-1112. 

20. Swanson, M.E., T.E. Hughes, I. St. Denny, D.S. France, J.R. Paternity 
C. Tapparelli. P.Ofeller, and K. Burki. 1992. High level expression of human 
apolipoprotein A-I in transgenic rats raises total serum high density lipoprotein 
cholesterol and lowers rat apolipoprotein A-I. Transgenic Res. 1:142-147. 

21. Yamanaka, S., M.E. Balestra, L.D. Ferrell, J. Fan, K.S. Arnold, S. Tay- - - 
lor, J. M. Taylor, and T.L. Innerarity. 1995. Apolipoprotein B mRNA-editing 
protein induces hepatocellular carcinoma and dysplasia in transgenic animals. 
Proc. Natl. Acad. Sci USA. 92:8483-8487. 

22. Dunn, C.S., M. Mehtali, L.M. Houdebine, J.-P. Gut, A. Kirn, and A.-M. 
Aubertin. 1995. Human immunodeficiency virus type 1 infection of human 
CD4-transgenic rabbits. J. Gen. Virol. 76:1327-1336. 

23. Solomon, M.B., V.G. Pursel, E.W. Paroczay, and DX Bolt. 1994. Lipid 
composition of carcass tissue from transgenic pigs expressing a bovine growth 
hormone gene. J. Anim. Sci 72:1242-1246. 

24. Flavell, D.M., T. Wells, S.E. Wells, D.F. Carmignac, G.B. Thomas and 
I.C. A. F. Robinson. A new dwarf rat I: Dominant negative phenotype in GRF- 
GH transgenic growth retarded (Tgr) rats. 1995. Abstracts of the 77th Annual 
meeting of The Endocrine Society. P2-239. 

25. Wells, T., D.M. Flavell, S.E. Wells, D.F. Carmignac, G.B. Thomas and 
l.C. A.F. Robinson. A new dwarf rat II: GH secretion, responses to GRF and 
somatostatin, and growth stimulation by GRF in the GRF-GH transgenic (Tgr) 
rat. 1995. Abstracts of the 77th Annual meeting of The Endocrine Society. P2- 
240. 

26. Sharma, A., M.J. Martin, J.F. Okabe, R.A. Truglio, N.K. Dhanjal, J.S. 
Logan, and R. Kumar. 1994. An isologous porcine promoter permits high-level 
expression of human hemoglobin in transgenic swine. Biotechnology. 12:55-59. 

27. Carver, A.S., M.A. Dairymple, G. Wright, D.S. Cottom, D.B. Reeves, 
Y.H. Gibson, J.L. Keenan, J.D. Barrass, A.R. Scott, A. Colman, and I. Garner. 
1993. Transgenic livestock as bioreactors: stable expression of human alpha-1- 
antitrypsin by a flock of sheep. Biotechnology. 11:1263-1270. 

28. Ebert, K.M., J.P. Seigrath, P. DiTullio, J. Denman, T.E. Smith, M.A. 
Memon, J.E. Schindler, G.M. Monastersky, J.A. Vitale, and K. Gordon. 1991. 
Transgenic production of a variant of human tissue-type plasminogen activator 
in goat milk: generation of transgenic goats and analysis of expression. Biotech- 
nology. 9:835-838. 

Transgenesis in Nonmurine Species S39 



29. Kumar, S., A.R. Clarke, M.L. Hooper. D.S. Home, A.J.R. Law, J. 
Leaver, A/Springbett, E. Stevenson, and J.P. Simons. 1994. Milk-composition 
and lactation of beta-casein-deficient mice. Proc. Natl. Acad. Set. USA. 91: 
613&-6142. 

30. Dorling, A., and R.I. Lechler. 1994. Prospects for xenograftmg. Curr. 
Opin. Immunol. 6:765-769. 

31. Fodor, W.L., B.L. Williams, L.A. Matis, J.A. Madri, S.A. Rollins, J.W. 
Knight, W. Velander, and S.P. Squinto. 1994. Expression of a functional human- 
complement inhibitor in a transgenic pig as a model for the prevention of xenoge- 



neic hyperacute organ rejection. Proc. Natl. Acad. ScL USA. 91:11153-11157. 

32. Rosengard, A.M., N.R.B. Cary, G.A. Langford, A.W. Tucker. J. Wall- 
work, and DJ.G. White. 1995. Tissue expression of human-complement inhibi- 
tor, decay-accelerating factor, in transgenic pigs: a potential approach for pre- 
venting xenograft rejection. Transplantation (Baltimore). 59:1325-1333. 

33. McCurry, K.R., D.L. Kooyman, C.G. Alvarado, A.H. Cotterell, MJ. 
Martin, J.S. Logan, and J.L. Piatt. 1995. Human complement regulatory pro- 
teins protect swine-to-primate cardiac xenografts from humoral injury. Nature 
Med. 1:423-427. 



S40 Mullins and Mullins 



Theriogenology 

atomized proteins of high 
ndcrstandably, their primary 
cd lower manufacturing cost 
At present, this fledgling 
sgenic animals. If the 
s that there are ample 
ling new opportunities for the 
naticaJJy it is not likely to see 



ri.snvinR 

Transgenic Livestock. Progress and Prospects for the Future 

R.J. Wall 

Gene Evaluation and Mapping ^aboratorv, Agricultural Research Service, USDA, 
Beltsville, Maryland, 20705 USA 



imal cell and bacterial cell 
■r. Bio/Technology 1993; 

Proc. Certification System 
*nza, Italy, March 23-26, 



roducts for Human Use 
ices. Public HeaJth 



etic polymorphism of k- 
5ing properties. Neth. 



modification of milk 
58(suppl):299S-306S. 



ABSTRACT 

The notion of directly introducing- new genes or otherwise directly manipulating the 
genotype of an animal is conceptually straightforward and appealing because of the 
speed and precision with which phenotypic changes could be made. Thus, it is of 
little wonder that the imagination of many an animal scientist has been captivated 
by the success others have achieved by introducing foreign genes into mice. The 
private sector has embraced ti*an* 0 jnic livestock technulog> resulting in the 
formation of two new industries. However, before transgenic farm animals become 
a common component of the livestock production industry, a number of formidable 
hurdles must be overcome. In this brief communication, the technical challenges 
are enumerated and possible solutions are discussed. 

Key words: transgenic livestock, gene transfer, microinjection 



Introduction 

The definition of transgenic animals is evolving. For the purpose'of this paper 
a transgenic animal is one containing recombinant DNA molecules in its genome 
that were introduced by intentional human intervention. In this i\ view I will focus 
on animals in which transgenes were introduced into preimplantation embryos by 
pronuclear microinjection, with the intended consequence of producing germline 
transgenics as opposed to somatic cell transgenics. Though there are other means of 
introducing genes into ^reimplantation embryos (20,29), pronuclear microinjection, 
basically as originally described by Jon Gordon (25), and as modified for livestock in 
"our laboratory"^), is still the predonrnant method employed. 
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A Midline search reveals that over 6.000 sciehtific articles have been 
A Medline searcn reve* , m „ t iv m i ce ) we re used to answer basic 

Si?*, high «. ,„d uchn.d Mes 

review articles written by animal scientists Not surprisingly w * 
applications closely parallel the long term objectives of animal agriculture. 

In theory, transgenic technology provides a ^anis" by -hjch 
econom,caUy important traits can be attained more -^.J^to w£ 
breeding without concern of propagating associated, Po^ibly unde ™ a J ,e - * en 
characteristics If genetic precision and speed of improvement were the only 

itry. For the ^P^^^jHc^^ e— ^ this 
^^CT^^t^b*- Potion and the biomedical arena. 
Eying the composition of milk through genetic engineering is the topic of Dr. 
Bremels paper in these proceedings and will not be dealt with here. 

Transgenic Livestock Projects 

For the sake of brevity, only a very brief summary of the 37 gene constructs 
that have nee te tea in livestock will be reported here. The reader is referred to 
Swo excellent reviews that list those constructs and their consequences (1W3)- 

The ' T Tff power ^of transgenic technology is derived from the introduction of 
^^^^DHA science encoding the desired protein (often referred to 
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as the structural component of the transgene). v For example, in the first transgenic 
livestock experiment (28) we wanted to .ncrease the levels of circulating growth 
hormone in a controlled manner. The gene construct used to accomplish this 
consisted of the regulatory element of a metallothionein (MT) gene fused to the 
coding sequence for growth hormone (GH). Metallothionein is an inducible iiver 
enzyme, and its gene is usually quiescent (turned off) until a threshold level of 
circulating zinc or cadmium triggers transcription. Therefore, it was expected that 
the MT-GH fusion gene would be silent until the animals were fed zinc. In those 
experiments GH expression could be inducted but, in most cases, the transgen e^fr , 
could not be turned off completely. New more complex inducible approaches are now*^ 
being tested (23,26). These new systems rely on tetracycline or its analogs to 
activate or repress transgene expression. It is too early to know if these strategies, 
in their current form, will be more tightly regulated then the MT system. However, 
if they are not, the general paradigm on which the new systems are based will 
probably lead to 'mproved inducible systems 

. . ;-Led T^ui^genic Projects. 

The vast majority of original research reports have focused on growth 
enhancement. Growth hormone (GH) was the structural gene employed ir 13 of 
those publications and the gene for growth hormone releasing factor in four. Other 
structural genes tested include. IGF-1, cSKJ and an estrogen receptor. The 
regulatory elements derived from MT genes, from various species, were most 
frequently used appearing in nine of the growth-related fusion genes. Long 
terminal repeats (LTR) from two retroviruses, MLV and RSV, and sequence from 
CMV, a DNA virus, served as regulatory components of transgenes. as have the 
promoters from albumm. prolactin, skeletal actin, transferrin and 
phosphoenolpyruvate carboxykinase (PEPCK) genes. All but two of 21 growth 
constructs were tested in pigs and the most striking phenotypes resulted from the 
use of MT-GH fusion genes (53). 

Seven transgenes designed to enhance disease resistance and to produce 
immunologically-related molecules have been introduced into pigs and sheep 
(5,13,41,67), Though desirable expression patterns have been reported in-several of 
the projects, none of the studies has progressed to the point of demonstrating a 
beneficiaj. effect of transgene products. . t * : 

Very recently it has been reported that transgenic sheep with enhanced wool 
production characteristics have been produced (9). The results are quite promising; 
if no. unforeseen anomalies occur, transgen»cally produced wool maybe the first 
marketed livesjLack-product, - ^ 

Biomedical Transgenic Projects. 

Other proposed transgenic farm animal applications are decidedly non- 
agricultural in nature. One of the first transgenic animal companies demonstrated 
the feasibility of producing new animal products by manufacturing human 
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hemoglobin in pigs, to serve as a principal component of a human blood substii uic 
(59). Human antibodies have also been produced in transgenic mice (02). Another 
area where transgenic animals, especially pigs, will have a significant impact on 
society will be in the development of human genetic disease models. To date genetic 
disease models have been generated in mice for atherosclerosis (6). sickle cell 
anemia (18), Alzheimer's disease (21), autoimmune diseases (44), lymphopoiesis 
(33), dermititis (55). and prostate cancer (61). These models for the most part 
require "knocking out" the function of a gene or replacing an existing gene with a 
mutant form. Manv of these models will have to be replicated m farm animals to be 
useful. Unfortunately, the stem cell technology required to generate most of the 
disease models is still in development for livestock (51). 

Finally, a new use not reported in the above mentioned reviews deserves 
note. The objective of this new endeavor is to genetically engineer animals, 
primarily pigs, so that their organs can be used as xenografts for humans. 
Preliminary studies to fest the concept have been performed in mice (40,42) and 
transgenic pigs have now been produced (19,54). Though several strategies are 
being explo-ed, the geneial approach has been to block activation of complement, 
which is normally part of the acute transplantation rejection response. These 
organs are intended for temporary use, until an appropriate human organ becomes 
available. However, as the technology develops, a driving force will be the design ol 
transgenic organs for extended use or permanent transplantation. 

Characteristics of transgenic animals 

4E*a^sgenic livestock projecu^are. costly, primarily because the* process i> 
inefficient.' Production costs range 'from $25,000 for a single founder pig to over 
$500,000 for a single functional founder calf (64). The calculation for cattle wa* 
based on obtaining zygotes by superovulation of embryo donors, the normal praciux- 
for all mammalian species. However, the costs are reduced by as much as a third it 
oocytes derived from ovaries collected at slaughter are the starting material. The 
remainder of this review will be devoted to characterizing the transgenic animal 
model, to identify points in the process that reduce efficiency, and finally discussing 
possible approaches that have been proposed to overcome major hurdles to progress. 

Transgene Integration. 

Svendthough several hundred copies of a transgene are microinjected. any 
transgene that becomes incorporated in.o the genome generally does so at a single 
location. Exceptions are rare (58). Thus, transgenic founder animals are hemizygous 
for transgenes. It is also common for a transgene locus to contain multiple copies of 
the transgener arranged in a head-to-tail array. These two characteristics of 
transgene loci • should-^wie -clues to the melanism by which Cranstones 
integrate. So far, few researchers have formulated compelling hypotheses to explain 
the event (2.47) and the hypotheses that have been proposed remain unnoted 
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Without knowledge of the molecular mechanism n is going to be extremely difficult 
to devise approaches to make transgene integration more efficient. 

Transgene integration efficiency is low and ranges from about 1% in farm 
animals (cattle, sheep and pigs) to about 3% in laboratory animals (mice, rabbits 
and rats, Table 1). 



Table 1. Examples of embryo survival and transgene integration efficiencies from ^ 
several laboratories. 

Transgenic animals produced 





Injected & 








Per embryo 






transferred 






Per 


injected & 




Species 


embryos 


Studies 3 


Offspring* 


Offspring 


transferred 






(No.) 


(No.) 


(No.) 


(%) 


(°/o) 


Refs. 


Mice 


12,314 


18 


1847 


17.3 


2.6 


(63) . 


Rabbits 


1,907 


1 


218 


12.8 


1.5 


(28) 


Rat 


1,403 


5 


353 


17.6 


4.4 


(45) 


Cattle c 


1,018 


7 


193 


3.6 


0.7 


(30) 


Pigs 


19,397 


20 


1920 


9.2 


0.9 


(53) 


Sheep 


5,424 


10 


556 


8.3 


0.9 


(53) 



• Number of experiments, which in most cases was equivalent to number of different ireno constructs 
tested 

* The value for cattle includes both fetuses and live born calves. 

c Eleven thousand two hundred and six eggs were micromjected and cultured One thousand and 
eighteen developed to morula or blastocysts and were transferred into recipient cow* 



Even after the one in 33 to one in 150 injected and transferred eggs results in 
a transgenic animal the etfftcienc^o^^^ diminished by failure* of.* 

th^ttansgeh^tr 

^abotltf half of tra^genic lines, though some specific transgenes are expressed in a 
mgher proportions (15 °7). If a founder expresses its' transgene, so do its transgenic 
^pffs^ing. Jt isjiot.clea^why some transgenes are expressed in all lines aiid others* 
in only half the lines. Transgenes are sometimes activated in unintended tissues 
(ectopic expression), and timing of expression can be shifted relative to 
development. Our la ck of understaji ding of essential genetic control ele ments makes 
it difficult to design ..asgenes with piedictable behavior. The abbarenTexpressibn 
. patterns <no : ^njrt^ in some linese of transgenic 

animals has been attributed to the so-called^positiojrv effect." If a transgene lands 
near highly active genes, the transgene's behavior maybe influenced by endogenous 
genes. Other transgenes may locate in transcriptionally inactive (heterochromatm) 
regions. The transgene may function normally or be completely silenced by the 
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hcterochromatin. It is likely thai both of these factors (position effect and| 
unidentified control elements; contribute to lack of transpene expression in some I 
lines and variable expression in other lines. Some of these problems will be obviated! 
by use of "boundary" DNA sequences that block the influence of surrounding genes] 
(34,43). Refining transgenic technology for farm animals will remain a challenging] 
task in part because experimentation will often have to be conducted in the species] 
of interest. That is because trans gene expression and the physiologic al 1 
consequences of t ransgene products in livestock are not always accurately predicted J 
7ft transgenic mouse studies ( 28,48). 

Transgene transmission. 

Because founder animals are usually single integrant hemizygous for the 
transgene, one would expect 50% of their offspring to inherit a copy of the transgene 
locus. This is true for about 70% of transgenic founder mice (49). The remaining 
founders either do not transmit transgenes to their offspring or transmit transgenes 
at a low frequency (52,53). It is commonly thought that the non-Mendelian 
inheritance is the result of transgene mocasicism in germ cells. This could be caused 
by late integration of transgenes during embryonic development (6G) It has been 
proposed that non-Mendelian inheritance patterns can also be caused by diminished 
fertilizing ability of transgene bearing sperm (17). The latter explanation may be a 
special case, because the thymidine kinase gene used in that study was 
inadvertently expressed in testes. 

Potential solutions for improvinc efficiency 

Testing Transgenes. 

Because the "rules" for transgene design are still vague, it is important to 
have a reliable system for testing gene constructs. The most cost effective method of 
characterizing the performance of a transgene is cell culture transfection studies. 
Unfortunately, such studies have a lou predictive value (50). The next most cost 
effective method for testing gene constructs is production of transgenic mice, which 
as mentioned above do not faithfully predict a transgene's performance in livestock 
species. Nevertheless, a reasonable amount of useful information about transgene 
function can be derived from transgenic mouse studies. Currently, the only 



approach that yields truly informative -data is testing transgenes in the 1 rvesjto_cjL_ 



species of jnterest. T his is obviously an unsatisfactory', time consuming, expensive 
testmg^ption. One alternative approach that we are exploring is based on the fact 
that transgenes will function after being "shot" into somatic tissue. We have been 
focusing our efforts on the mammary gland, but almost any target organ should be 
amenable to this approach. We have recently demonstrated that both RNA and 
protein dan be detected following introduction of transgenes into sheep mammary 
tissue, in situ (22^$?)7~Grice~we confirm that ^ene-gunned" transgenes function as 
they do in transgenic animals, this approach should dramatically reduce the costs 
and time of evaluating gene constructs 
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Improving Integral kin I'Vequcncy 

From Table 1 it is clear thai integration rates are lower lor livestock species 
than for laboratory animals. Eggs ol' livestock species are more difficult to 
microinject than eggs of laboratory animals However, competent micromjecfors ran 
reliably inflate pronuclei with DNA-containing solutions. Furthermore, integration 
problem occurs after the transgene is deposited. But timing of microinjection may 
contribute to differences in integration efficiency. It is thought that transgene 
integration occurs during DNA replication (2), so it would be advantageous to 
microinject before or during early S-phase pioeeding the first mitotic division For 
the most part that is when laboratory animal eggs are microinject ed. hut 
microinjections are apparently performed during late S-phase or later in livestock 
species (for a full discussion see (63)) Efforts to inject in vitro fertilized bovine 
zygotes early have failed because of difficulties in" visualizing pronuclei (K Bondioli. 
personal communication and unpublished data). Efforts to synchronize 
microinjection and S-phase in bovine zygotes have thus far not been fruitful <2A) 
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One way t<> insure (hat » he transgene i in place before the first mitotic S- 
phase is to introduce the transgene at fertilization That could be achieved h'y 
sperm-mediated gene transfer N.38). Notwithstanding the controversy this 
approach has generated (8), it clcarlv represents an intriguing method thai show- 
some promise (oTr Accumulating evidence suggests that sperm of several -p* -.'i* - - 
can bind transgenes { I 1 .32.3IM58) and carry the genes into oocyte- whip- in -"m- 1 
cases the gene persists (4.12.31). However, it appears that in almosi all r:i-<--. ihe 
transgene DNA becomes rearranged or otherwise mutated by the proo 1 -- n'-irrndo 
Spadafora. pei>onal communication). Another potential sperm-basi-d d»!iv«.-ry 
approach has been foretold by a pioneering study conducted by Ralph Brin>t<«r -7i 
In that study transplanted spermatogonia! cells generated ^p»M'm <ap - 1 1*1-- >f 
fertilizing oocyte- and offspring wen* produced. If a means is found i-i . ulrur*. 
transfect and select spei matagonm with transgenes. Bnnsters t r.in>pian; .in«m 
scheme could be used to produce transgenic animals. Others have proposed !:p < tly 
transfecting teste.-, as a means of tran>l«/rming sperm (o*w. 

Retroviral-mediated gene transfer is also a potentially alternative ajm^nijch 
for introducing transgenes into eml)ryos with high efficiency (2!i.3t>). Though the 
technique ^ojves the low integration frequency problem, it -create- other 
inefficiencies by generating mosaic founders that may not transmit their tran-gene 
Furthermore retroviruses can carry only a limited amount of exogenous DNA and 
therefore the technique limits the size of transgenes. If cDNA based transgenes. 
which are relatively short, were efficiently expressed, the transgene size restriction 
would not he, a siunifieiH*H*H>Metii -However. -manv^cDNA based gi.-ne const ru- i- are 
poorly expressed in transgenic animals (M) 
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Selection of tninsKonic embryos. 

With no obvious or immediate solution for improving integral ion fivquoney, 
what else can be done to increase efficiency of producing transgenic livestock? One 
of the most widely discussed approaches is selection of transgenic embryos before 
they are transferred to recipients (1,14,35,46). If transgenic preimplantation 
embryos can be identified by analyzing embryo biopsies with the polymerase chain 
reaction (PCR), the number of recipients required could be greatly reduced. For 
example in Dr. Bondiohs study ((30). Table 1), 1,018 bovine embryos were 
transferred into over 1000 cows resulting in seven transgenic calves and fetuses, [f 
embryo selection had been risible, fewer than 20 recipients would have been 
required. Unfortunately, mounting evidence suggests that this approach will not 
work. In two very similar studies (10,14) microinjected mouse embryos were 
cultured to the 8-ceIl stage, and blastomeres were isolated and analyzed for the 
transgene by PCR. In our study (10) none of the 8-cell embryos had transgenes in 
more than 4 blastomeres. We speculate that immediately upon microinjection, 
transgene copies join to form multi-copy circular arrays. One of these arrays may 
eventually become integrated, while the non-integrated arrays segregate as 
daughter blastomeres are formed. If integration occurs after the one-cell stage, 
some blastomeres may not contain an array, even though the embryo is transgenic. 
The converse is also possible (all blastomeres acquire arrays but none integrate). 
Analysis of embryo biopsies could therefore be .msleadine. 

Another scheme for selecting transgenic embryos before transfer i> based on 
expression of a selectable marker-containing transgene. The preliminary results 
from two recent studies (3,60) appear to be promising. In both studies, transgenes 
containing a neomycin resistance gene (neo) were microinjected into pronuclei of 
mice (60) or bovine (3) embryos. The embryos were then cultured m the presence of 
0418. a neomycin analog, in the hope of killing embryos that did not express the 
neo gene. Because this approach is based on gene expression and because 
transgenes can be expressed without being integrated, embryos containing 
umntegrated copies of the transgene could survive the selection process. However, 
since G418 interferes with protein synthesis, the blastomeres that expressed the 
neo gene would have a developmental advantage over those that did not. Therefore 
the blastomeres expressing the neo gene might divide more rapidly and have a 
higher probability of participating in .the formation of the inner cell mars (6*6). 
Further studies will have to be conducted to determine if this scheme has ment. 

In The Future 

The tools for gene transfer are in hand, albeit the process is inefficient. Over 
the next decade. Moreactor and xenograft industries will mature and useful new- 
products will be .marketa^Fhe value of possible products will drive the technology 
as funding for basic research from conventional sources becomes increasingly 
limited. Researchers will need to develop a better understanding .if how 
mammalian genes are controlled, and identify key genes in regulatory pathways of 
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phenotypic characteristics that are lo be altered to bmitf the fruits of this 
technology to animal agriculture. There is a serious need to transfer transgenic 
animal technology from a few practitioners to many more laboratories worldwide. 
Progress in the field will be limited as long as the capabilities to explore this 
potentially powerful tool is only in the hands of a few. To entice other scientists, 
the efficiency of producing transgenic farm animals will have to be improved. But 
the horizon looks bright. Many recently trained animal scientists are now equipped 
with the knowledge and technical skills needed to advance this technology. 
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families (solid line) and acute families (dotted tine). The peak 
muHipoint lod score for chronic SMA is 9,03, and the peak lod 
score for acute SMA is 2j02. Fairwise lod scows for chronic and 
acute SMA families versos four markers located in the middle 
of the linkage region are shown in Table 1. The maximum 
two-point lod score for chronic families is M3 at a recombina- 
tion fraction of 2% with marker D5S6, and 1.71 for acute families 
at a recombination fraction of 2% with marker D5S7S. 

Application of the HOMOG program" to the multipoint tod 
scores of the families with chronic SMA gave no evidence for 
heterogeneity among these families. Although the power of 
homogeneity tests can be lower in recessive families than in 
larger families with dominant diseases, the absence of evidence 
for heterogeneity led us to adopt the mott parsimonious solution 
of assuming lu m M y ae- i ty. The confidence interval for the foca- 
tion of the gene for chronic SMA is 11 centimorgans (cM) wide 
and spans a region 2cM proximal of locus D5S6 to a point 
4cM proximal of locus D5S7S (note arrows in Fig. 1). For 
families with acute SMA, the maximum lod score of 2.02 indi- 
cates that a gene responsible for this disease maps to the sarnie 
general area. The best estimate for the location of the acute 
SMA locus is 15 cM distal to the estimated position of the locus 
for chronic SMA. 

Our data indicate that clinically heterogeneous forms of 
chronic childhood SMA (type II or intermediate form and type 
III or Kugelberg- Wetander or mild form) map to a single locus 
on chromosome 5q. The chronic forms of childhood-onset SMA, 
therefore, are likely to occur as the result of allelic heterogeneity, 
similar to the case for Duchenne- and Becker-type dystrophies 13 . 
It is interesting that our data indicate that acute childhood SMA 
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RGL1 Murttpotrrt Hnkage analysis of the SMA disease locus with efcW LHA 
markers spanning -30 CM, Inducing 5qll*2-l3ql&3 (reft 16, 2SX Analysis 
of seven chronic fsmtitos (solW Hne) and efc acuta famNles (dotted Hoe). 
Three chronic famMtes each consists of four affected chHdren and 8-12 
unaffected stos, Four chronic f amities each r^ three affected cr*o>en and 
0-4 unaffected alba. The acuta families, collected over a 3-year period, 
Include one femtty with three affected chtwren (trlxygotte triplets), four 
famftes with two affected children, and one family with one affected and 
two unaffected sfce, Recombination fractions («J between DMA markers 
were cakajlated from pU>Usr^ 

05S78 and OHFR map to 6qll2-lM (ret 21). For the femate-to-roele 
distance ratio we used the published value of 16 as being appropriate for 
this area of the genome" Multipoint tod scores were obtained by Ove^poim 
era^ln all females, except one to 
elfwency.trwee^oimtode 

used was UNKMAP of the UNKAGE package 30 . The confidence Interval for 
chronic families (defined as points on the map with tod Korea fr^-* 
where Is the value of M) at the maximum litellhood estimate of $) 
spans an 11-cM region marked by arrow* at map positions Oil and 0.22. 
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(type I or Werdnig-Hoftmann or infantile SMA or severe SMA) 
map to the sense* or a doocty Baked, locus on 3^ 
tjve acute families must be analysed to confirm the finkage of 
this form of SMA and to evaluate the associated map location 
relative to that of chronic SMA. Abo, other chronic families 
must be analysed to further assess the possible occurrence of 
nonallelic heterogeneity. It win be interestin g to determine 
whether adult-onset and domhtandy inherited cases of SMA 
similarly map to chromosome 5q. Hie gene encoding 
hexosaminidase B maps between markers D5S39 and D5S7S 
(reft 16, 17). Deficiencies in both the or* and 0-subunk of this 
enzyme have been associated with chronic cases of SMA 1 ** 19 . 
We are investigating whether this gene is a candidate for an 
SMA mutation. □ 
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Fulminant Hypertension in 
transgenic rats harbouring 
the mouse Rwh2 gene 
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Primary kyperteestoa Is a potygeak cee^itlen In wMch Mood 
preasare la enigmatically derated; It remains a leading caase of 
cardiovascular disease and death due fa cerebral haemorr h age , 
cardiac failure ana kMaey disease. The genes for several of the 
proteins Involved la Mood pressure h o meostas is have been cloned 
aad ehar»ctertied , A lacMtag these of the reeln-aagloterta 
system, which plays a central part In Mood plea sur e ceatror^ 
Here we describe the hrtrednctlea of the saonse Jto-J reals 
geae" 1 -" late the genome of the rat aad demonstrate that 
expression of this geae causes severe hypertension. These trans- 
genic aatesats represent a model for hy pertens i on In which the 
geaetk basis for the disease Is kaewa* Farther, as the transgenic 
asJmals do net overexprem active renin In the kMaey and have 
low levels of active reala In their plasma, they aim prevWe a new 
model f or km-reafa hyper te nsion. 

We chose the mouse Rtn-2 renin gene for introduction Into 
the rat germtine because H had already been characterized in 
transgenic mice and because we expected it to be highly 
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PC 1 Southern Mot Wendfytng anknels ostiylng e)w DBA/2 flWi*2 font. 
Tne lOaniinceuon numDors or pojonooi fowww* wwvwjo wi mown 
tho ooTrcofyOnoTng lane and ttto posfttono of fto tons opocWc &S4e> and 
0M> restriction fragr**** are Mooted to the ft**. Tronegenlc (TO 
poortfvo ond nagOvo animals are h«fco» 1 by syrnbota under tho corro- 
•poncSng ton* together w«h t hooys tcac Wood pressure <BP. in mm **) of 
£och onimol at tho age of 10 weeks. 

METHODS, ONA preparation: DNA woo proporod from toi bio ps i es ond 
digested with Awl Are* oloctrophof^ono03% o^o/ooo fol»omp*e» 
worr,SouoWbiottodondry»1oT^ 

owwod fro m tho r or wi compysmo m a ry ONA done pOD1 02 tT andlefro»od 
by random priming 4 *. Properetton of transgenic onimol*. ONA woo propo r od 
forrnicro*)ectionbyoTe**ttontf 

Xhoi ond subsequent Motion of tho 244* frofrnoM c«yitoWr^ tho 
«W>*fer#onalO-20%sooTOS*crad^ 
OTA. 200 mMsodMn acetate. IVacttorwc^ 
wora p oowd a r ^ focovoro d byotharioH^ 

on • CoO padfent". ONA woo dMod to o ft* conoantrationof lptmT* 
In Injection buff* (10 n^^ 
, ot -20 X boforo use. FerWteed mt wort derived worn o cross botwoon 
- SpfWJ j o Pewtoy f o m owond wKY n wi o i oU oftoi oupowwnitottonoflmmotura 
fomowo jot 4 wosfcs old) accord** to tho procedure of Armstrong et at*. 
Eggs were cultured, mfcroinjocteoV ond to Implanted oo d es cribe d for tho 
i oft brad oi our von. focMtteo. 



expressed in certain tissues 14 ; oiso v injection of purified mouse 
submandibular gland (SMG) renin (encoded by Rtn-2) into 
rati leads to a significant and sustained increase in Mood 
pressure 19 . Fertilized rat eggs were roicroinjected with a linear 
DNA fragment containing the entire DBA/21 Rtn-2 gene, 
including S3 and 9.3 kilobases (kb) of 5* and 3' flanking 
sequence, respectively 14 . From 37 eggs implanted, there were 
eight progeny, of which five carried the transgene (Fig. 1). Four 
of the founders were bred successfully and three of them 
(TGRmRen?, numbers 25, 26 and 27) transmitted the transgene 
to their progeny. At ten weeks of and before breeding, the 
blood pressure of the founder animals was measured. For four 
of the transgenic animals it was in the range 230-265 mm Hg, 
but was 120-130 mm Hg in the transgene-negativc litter-mates 
(Fig. 1). Breeding of TORmRen2 female 26, who was not hyper* 
tensive, revealed her to be mosaic for a transgene insertion site, 
the inheritance of which segregated with hypertension in the 
blood pressure range indicated (data not shown). The phenotype 
is therefore independent of the transgene insertion site and is > 
not due to a fortuitous mutation associated with the integration 
event. 

Analysis of the transgenic line established from TGRmRen2 
male 27 revealed that, without exception, progeny inheriting the 
transgene also had the hypertensive phenotype. Both male and 
female animals of this line developed hypertension rapidly, 
beginning at four weeks of age and reaching a maximum by 
nine weeks (Fig. 2a). Pharmacological intervention to reduce 



blood pressure took the form of treating the animals with 
lOmgkg" 1 per day of the converting enzyme inhibitor, cap- 
topril; this inhibits the conversion of angiotensin I to angiotensin 
1 1. This low dose, given daily in the drinking water, was sufficient 
to reduce the Wood pressure of the hypertensive transgenic rats 
reprodudbly by 40-60 mm Hg (Fig. 2d), indicating that the 
hypertension is largely dependent oo the coo version of 
angiotensin I to angiotensin II. 

Northern blot analysis showed that the c o nce ntr ation of renin 
transcripts was high in the adrenal glands of the transgenic 
animals (Fig. 3a). In addition, renin transcripts were detectable 
in testis, coagulation gland, thymus and small intestine in trans* 
gene-positive a«<m*Vbut not in control transgene-negativc 
littermates (data not shown). These additional sites represent 
tissues in which renin is naturally expressed in the mouse. Renin 
messenger RNA was not observed in the SMC, a result that 
could reflect the absence of essential fnm**acting factors in this 
tissue as the endogenous rat renin gene it not expressed in the 
SMG (ref.16). An RNase protection assay ttstaaJtah&apecific 
probe confirmed that the renin transcripts in the adrenal gland 
were exclusively of Ren-2 origin and that Rtn-2 transcripts 
were present in the kidneys of tramgene-positive animals 
(Fig, 36). 

No evidence was found for altered plasma angiotensinogen 
levels, but plasma renin activity and angiotensin I were sig- 
nificantly lower in transgenic animals than in the controls (Fig, 
46-e). The amount of angiotensin II was also less than in the 



FlO. 2 a Development of Wood pressure with ago. Each point 
represents tho mean of 7 (transgenla drdes) or 5 (control 
crosses) animals and standard errors ore Indteeted above 
ond below each data point 6, Effect of converting enzyme 
inhtottor (CD) on Mood pressure. Each point represents the 
mean of 3 animals and standard errors ara (rtdteated above 
and below each date point TGfcnRen2 127 rata having no 
treatment O, TQRmRon2 127 rats rocoMng CEfc *. control 
rata rocoMng CO* 

METHODS. Kood pressure was cttem*^ by tal rrfethy*. 
mography under Mght other anaesthesia as overfeed* 



given ceptoprMlO mgkg- 1 per day ) m the* drtrWng water. 
CaptopfH trootmont started at day 51. 
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controls but the difference was not statistically significant Deter- 
mination of prorenin showed h to be raised in the plasma of 
transgenic animals (Fig* 4a), but the functional significance of 
this finding is unclear. Adrenal glands of the transgenic animals 
contained significantly increased renin concentrations (Fig* 4/). 
Ho evidence was found for the storage of renin in this tissue* 
so the large difference between renin raRNA levels and enzyme 
activity may reflect a constitutive secretion of J*en-2*dcrivcd 
renin from the adrenal glands. By contrast, kidney tissue from 
transgenic animals contained only 20*25% of the renin activity 
of the controls, which is consistent with immunocytochemical 
and uHrastnictural data showing a reduction in renin storage 
granules in the juxtaglomerular apparatus (S. Bachmann et oi, 
manuscript in preparation) and suggests that renin expression 
is subject to translations! or post-translational control* Pre* 
liminary studies on isolated kidney show that renin secretion is 
reduced and that there are no other abnormalities of renal 
function (K. Munter, personal communication). 



Although we have defined a genetic basis for this transgenic 
hypertensive rat model, the mechanism responsible for elevating 
blood pressure remains to be es t ablish ed. The hypertension is 
dearly not due to overexpression of renin in the kidney, and 
the suppression of active renin in the kidney and in the plasma 
is probably a result of an already elevated blood pressure In 
young a nim a ls , pressure-mediated renin suppression being a 
wen Known pnenontcnon. 1 ne tncreaseo ptasma prorenin proo- 
aWy originates, at least in part, from die adrenal gland, but the 
ovary, vascular tissue and other sources of prorenin should also 
be considered. Any role of prorenin in hypertension still awaits 
investigation, but in this respect it is interesting that prorenin 
is raised and still persists after nephrectomy in hypertensive 
patients, confirming that its origin b extra-renal. At this stage, 
the most likely explanation for the high blood pressure in 
■v TORmRcn2 rata ls a s timu l ated lenta-a ng jo t en sln system in the 
•5 adrenal gland, *whh the consecjuem overproduction 
hormones. This Is in keeping with our preliminary data on 



RQ. 4 Determination of plasma and tissue renin* 
angiotensin system components. Values rep* 
resent the moan and standard error of 7 animals 
for each dt termination, with the exception of the 
Wdney and adrenal f»end renin vekm (3 wUcc&tl 
Statical analyst* by ANOVA shewed the follow, 
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elevated urinary aldosterone excretion in male TGRmRen2 rats 
(154*126 a* per 24 h) compared with controls (t£7±UKng 
per 24 h). Tbcae animals will enable us to study normal or low 
plasma renin hypertension and have shown ns that renin can 
participate in the g enesis ^hyper tens io n in a more subtle way 
than previously supposed* The construction of transgenic rats 
will therefore provide new opportunities for research into car* 
dkmscular mechanisms. □ 
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Imprinting of acetylcholine 
receptor messenger RNA 
accumulation in mammafian 
neuromuscular synapses 
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IN ssastssallaa muscle, the sa await c o mp o si t i on of the akoriak 
acetylcholine recsptor (AChR) and the distribution ef AChRs 
along the tare are d ml eum t u t alry rtfalatei. la fetal nwsde, 
AChRs are 4btrth«tt4j over the entire ikekns^wlMrt^ahiadaH 
fibres they are concen tra ted at the es4-«4ate\ We have usee In 
site tryhriditatftasi tschalsjuss to nwasure the devttepsacnt ef the 
aynaatk localisation ef the SKSseugte RNAa (saRNAs) eneadhuj 
the ct^aanait and the e^enawak ef the rat smsde AChR. The 
et-eataah Is present la hoth fetal and adult nrnsde, whereas the 
e«eaeualt appears pos tua t a Wy and specifies the saature AChR 
subtype*" 1 . The syaaptk locallxatieu of o-sefceatt nRNA to adaH 
fibres nury arise from the selective dowa*rtgalatlon of oonstltatliety 
expressed saRNA from extrasyuaptk fibre asfsaenta. In i 




Hybrkfizattoo of kms^tiKfinal sections of adult rat solens 
mosde with e- and a-eubuntt-epecific nntisense complementary 
RNA (cRNA) probes revealed strong hybridization signals at 
sites that had been previously identibedttend-ptares by staining 
for acetykdiotinesterase (AChE). Figure la shows the end-plate 
region of a muscle stained for AChE. Subsequent hybridization 
with the c-eubuttH-specihc anttsertse probe showed n strong 
signal at the site where the AChE stain had been (Fig, lb)« Alter 
a brief exposure, groups of grains could be resolved above 
individual synaptic nuclei (Fig. 1c); no bybridizatiott was 
observed outside end«plate regions. When sections were incu- 
bated with e^ubonit-epecific sense probes, no hybridization 
couM be detected (data not shown). Tliese observations suggest 
that autoradiographic grain clusters reflect locally increased 
t-subunit mRNA levels below the end-plate membranes. Similar 
results were obtained after hybridization with et-eubunh-specific 
antisettse(Fig. l<e) and sense probes and confirm the synaptic 
localization of a-subumH mRNA In rat muscle, as observed 
previouily using northern blot analysis 9 . In some fibres, a small 
signal was observed above nuclei in the perijuncrJonal region 
of the muscle fibres (Fig. 1e)« 

Previous northern blot analysis of AChR-spedfic mRNAs in 
neonatal rat muscle indicated that s-subumt mRNA is barely 
detectable at birth but that levels increase rapidly during the 
first 2 weeks of postnatal development 4 . To determine whether 
this increase in e*ubunit mRNA is restricted to the cud-plate 
region and therefore would be induced focalry by the nerve, or 
whether the increase is more general, involving the entire fibre, 
we hybridized triceps muscle from rats of different postnatal 
ages with an t-subunh mRNA-spedfic cRNA probe. Figure 2a 
shows the localization of AChE and antoradiographs of longi- 
tudinally sectioned muscle (6-«f). At postnatal day 1, no 
hybridization signal could be detected either synaptkally or 
extrasynaptkally (Fig, 2b). In dark-field microscopy, some of 
the synaptic sites revealed a weak accumulation of grains (dau 
not shown). However, on postnatal days 5, 9 (data not shown) 
and 12, an increasingly stronger signal was seen (Fig. 2c) that 
always coincided with the AChEnrtained synaptic sites. Thus, 
the postnatal appearance of e-tubunft mRNA is restricted to 
the end-plate region from the earliest stages of synapse develop- 
ment and therefore must be induced by the nerve-muscle con- 
tact Aa in adult muscle, hybridization signals in postnatal day-12 
muscles were dearly associated with individual nuclei, as shown 
In Fig. 3. However, given the high density of nude! from various 
cell types, unequivocal attribution to subneural nuclei was not 
always possible. 

In contrast, total chsubunit mRNA remained at a plateau 
level during the first 12 postnatal days 4 . During this period, the 
a-subunit mRNA was detected throughout the fibre, in both the 
synaptic and extrasynaptic fibre segments (Fig. 2f, g). Although 
there were more grains at the synaptic sites, they were more 
widely distributed than those obtained upon hybridization with 
the a-subunit m RNA specific probe. Moreover, the hybridization 
signal was also observed outside the myofibre bundles above 
unfused cells. 

The level of total muscle eHrubunit mRNA increases almost 
normally in neonatal musde denervated shortly after birth 4 , 
indicating that only the brief, prenatal nerve-muscle contact is 
necessary to induce a-subunit mRNA synthesis. We have investi- 
gated whether the e-subunh mRNA still appears focalry at the 
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Summary 

Humans who have Inherited the human class I major 
histocompatibility allele HLA-B27 have a markedly in- 
creased risk of developing the multi-organ system dis- 
eases termed spondyloarthropathies. To Investigate 
the role of B27 in these disorders, we Introduced the 
B27 and human p r microglobulin genes into rats, a 
species known to be quite susceptible to experimen- 
tally Induced inflammatory disease. Rats from one 
transgenic line spontaneously developed inflamma- 
tory disease involving the gastrointestinal tract, pe- 
ripheral and vertebral joints, male genital tract, skin, 
nails, and heart. This pattern of organ system Involve- 
ment showed a striking resemblance to the B27-asso- 
ciated human disorders. These results establish that 
B27 plays a central role In the pathogenesis of the 
multi-ongan system processes of the spondyloarthro- 
pathies. Elucidation of the role of B27 should be facili- 
tated by this transgenic model. 

Introduction 

Class I major histocompatibility (MHC) gene products are 
polymorphic 44,000 M r glycoproteins expressed on cell 
surfaces in noncovalent association with the nonpoly- 
morphic 12,000 M r light chain p 2 -microglobulin (Klein, 
1986). Among class I MHC molecules, HLA-B27, a sero- 
logically defined allele of the human HLAB locus, is of 
particular interest because it is uniquely associated with 
a group of relatively common inflammatory disorders. The 
strongest association is seen with primary ankylosing 
spondylitis, a chronic inflammatory disease affecting the 
axial musculoskeletal system: ~90% of affected individu- 
als have inherited the B27 allele in comparison with only 
~7% of Caucasians in the general population (Brewerton 
et al., 1973; Schlosstein et al. a 1973; Tiwari and Terasaki. 
1965). An important association also exists between HLA- 
B27 and reactive arthritis, in which certain microbial infec- 
tions of the gastrointestinal or genitourinary tracts trigger 
inflammation in joints and other tissues (Toivanen and 
Toivanen, 1966). A summary of the major disorders as- 
sociated with HLA-B27 is presented in Table 1. 
The B27-associated diseases are classified as rheu- 



matic disorders because of the prominence of mus- 
culoskeletal manifestations. Nonetheless, all of these dis- 
eases can involve multiple organ systems, particularly the 
gastrointestinal tract, genitourinary tract, skin, eye, and 
heart. Because of the overlap among these diseases with 
regard to epidemiology, clinical manifestations, and ana- 
tomic pathology, they were recognized as a distinct cluster 
of interrelated diseases, termed spondyloarthropathies, 
even before the common genetic marker of B27 was iden- 
tified (Moll et al., 1974). Thus it has long been speculated 
that a common pathogenetic mechanism might underlie 
the association of B27 with this heterogeneous group of 
- disorders. Despite extensive investigation, however, the 
etiology and pathogenesis of these diseases have re- 
mained obscure, and the basis for the association with 
B27 has not been established. 

In an attempt to develop an animal model of B27- 
associated disease, we (Taurog et al., 1968a) and others 
(Krimpenfort et al., 1967; Nickerson et al., 1990; Weiss et 
aL, 1990) have produced transgenic mice expressing 
HLA-B27 and human ^-microglobulin (hfom). However, 
despite physiologically normal function of B27 in both hy- 
brid and inbred mice (Kievits et al., 1987; Taurog et al., 
1988a) and a reported influence of B27 on the course of 
an experimental bacterial infection in mice (Nickerson et 
al., 1990), no faithful reproduction of any of the features 
of B27-associated human disease has been reported in 
transgenic mice. These negative results raised the possi- 
bility that susceptibility to the spondyloarthropathies 
might not be related to the B27 gene. Alternatively, other 
features of the mouse may not have permitted expression 
of the relevant pathologic changes. We therefore sought 
to develop transgenic technology in rats, which are sus- 
ceptible to several experimentally induced arthritic dis- 
eases that cannot be elicited in mice (Greenwald and Dia- 
mond, 1988). 

In this paper, we describe the production of transgenic 
rats that express HLA-B27 and hp 2 m genes. We further 
describe a disorder spontaneously arising in these B27 
transgenic rats that includes most of the features of B27- 
associated disease in humans. 

Results 

Integration of HLA-B27 and hfom Genes 
In Inbred Rats 

Fertilized one-cell rat eggs were microinjected with a solu- 
tion containing both DNA fragments shown in Figure 1. 
The HLA-B27 gene encoding the HLA-B*2705 subtype 
was contained on a 65 kb EcoRI fragment that included 
0,7 kb of 5' flanking sequence and 25 kb of 3' flanking se- 
quence (Figure 1A). The hp 2 m gene was contained on a 
15 kb Sall-Pvul fragment that included 5.2 kb of 5' flank- 
ing sequence and 1.9 kb of 3' flanking sequence (Figure 
1B). Identification and quantitation of transgenes in the 
founder animals and their progeny were determined by 
dot-blot hybridization of genomic DNA isolated from tail bi- 
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Table 1 . Rheumatic Diseases Associated with HLA-827 





Disorder 












Ankylosing 




Juvenile 






Characteristic 


Spondylitis 


Reactive Arthritis 1 


Spondyloarthropathy 


Psoriatic Arthropathy 


Enteropathic Arthropathy 


Sacroileitis 


100% 


<50% 


<50% 


20% 


10% 














Porinhoral 


25% 


90% 


90% 


95% 


90%- 


Arthritic 
<x\ w \\ 1119 












(\ act rc\\f\\ Actinal 


V^VJUIUrUll , 




Mnt known 




All 


inflnnimfltiAn 
tnuainiMaiiun 


nctiallw acumrv. 
U5Ualiy aaymp* 










Skin And nail 

owi 1 cm iij 1 mil 


Rare 


Most 


Uncommon 


Ail 


Uncommon 


1 1 1 VUJ VBlM frit 1 












Genitourinary 


Uncommon 


Most 


Uncommon 


Uncommon 


Rare 


involvement 












(males only) 












Bye involvement* 


25% 


Common 


Common 


Occasional 


Occasional 


Cardiac involvement 


<5% 


5%-10% 


Not known, 
probably rare 


Rare 


Rare 


Usual age of 


18-40 


18-45 


7-18 


20-50 


15-50 


onset (years) 












Sex prevalence 


Males 3:1 


Males 3:1* 


Males 10:1 


Equal 


Equal 


Type of onset 


Gradual 


Acute 


Variable 


Variable 


Gradual 


Role of infectious 


Unknown 


Definite Trigger 


Unknown 


Unknown 


Unknown 


agents 












Prevalence of 


!>90% 


60%^80% 


80% 


SOW 


50%-75%o 



HLA-B27 f 



Table adapted from Calin (1984); Tiwari and Terasaki (1985); Khan and van der linden (1990); Taurog and tipsky (1990). 

* Includes Reiter"s syndrome, classically defined as the triad of arthritis, conjunctivitis, and urethritis. 
b Inflammation in the spine or sacroitiac pints. 

c Inflammation in joints of the extremities. 

d Predominantly conjunctivitis in reactive arthritis; iritis with the other disorders. 

• Male to female ratio is 10:1 if venereally acquired; 1:1 if enteropathically acquired. 

f Caucasians of northern European extraction only. General prevalence in this population is 6%-8%. Some variation seen in other populations, 
but the basic associations with HLA-B27 are seen worldwide. 
« Frequency elevated only in those with spondylitis or sacroiliitis. 



opsies. Hybridization was carried out with 5' and 3' flank- 
ing probes for the HLA-B27 gene (probes A and C in Fig* 
ure 1 A), and with a &7 kb BglH fragment containing exons 
2 and 3 of the hp^ gene (probe D in Figure 1B). 

Seven LEW and four F344 rats that developed from 
microinjected ova showed integration of the HLA-B27 and 
h(J 2 m genes. Of these, four LEW rats and one F344 rat 
showed cell surface expression of both HLA-B27 and 
h(3 2 m, as assessed by indirect immunofluorescence of 
peripheral blood lymphocytes (PBLs). One additional 
LEW rat showed integration and expression of the B27 
gene alone. Table 2 summarizes the results of the microin- 
jection experiments. 

All of the founder rats expressing the transgenes were 
subsequently shown to transmit the transgenes to their 
offspring. One of the six founders, 21-3, was found to be 
a mosaic, based on non-MendeJian rates of transmission 
and on enhanced cell surface expression in the offspring. 
Another founder, 21-4, a female, was shown to have two 
independently segregating loci of transgene integration, 
each locus carrying both transgenes. One line arising 
from this founder, inheriting a locus containing 160 copies 
of the B27 gene and 90 copies of the hfcm gene, was 
termed 21-4H. The other line, inheriting a locus containing 



six copies of the B27 gene and six copies of the h0 2 m 
gene, was termed 21-4L (Table 3). 

Lymphocyte Cell Surface Expression of the 
HLA-827 and hfem Transgene Products 

- Expression of the transgene- products was estimated by 
indirect immunofluorescence and flow cytometry of PBLs 
stained with specific monoclonal antibodies. The relative 
expression of B27 and hMi in seven transgenic lines is 
shown in Table 3. To compensate for interexperiment vari- 
ation, the mean channel fluorescence for each line with 
each antibody is expressed relative to that determined in 
the same experiment for PBLs of the transgenic mouse 
line 56-3, which expresses high levels of both B27 and 
hp 2 m on PBL surfaces. The highest expression of both 
gene products was found in the LEW lines 21-4H and 21- 
4L and the F344 line 33-3. 

The patterns of celt surface expression of B27 and 
hp 2 m in the 21-4H and 21-4L fines are shown in Figures 
2A and 2B. The binding of the endogenous rat class MHC 
I molecules (RT1) to the anti-RT1 antibody OX18 is shown 
in Figure 2C for both transgenic lines and the nontrans- 
genic control The levels of expression of B27 and h(J 2 m 
were comparable in the two transgenic lines (Figures 2A 
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Table 3. Copy Number and Cell Surface Expression of HLA-B27 
and h02m in Transgenic Rat Lines 



Gene 

(Copy/Cell)* 



Cell Surface Expression 
(Relative MCF) b 



Line 


B27 


hjjgm 


B27 


hp 2 m 


21-2 


1 


1 


0.09 


0.06 


21-3 


20 


15 


0.30 


0.29 


21-4L 


6 


6 


0.74 


0.42 


21-4H 


150 


90 


0.51 


0.42 


25-1 


1 


0 


0.15 


0.00 


25-6 


7 


7 


0.42 


0.27 


33-3 


55 


66 


1.00 


0.76 



* Gene copy number was estimated by quantitative dot hybridization 
on DNA isolated from tails using probes specific for each transgene 
(see Figure 1A). 

b Mean channel fluorescence (MCF) with antibodies to HLA-B 
(B1 .23.2) or h02m (BBM.1) of PBLs from transgenic rats, relative to 
simultaneously determined MCF of PBLs from the B27/hMi transgen- 
ic mouse line 56*3. All data are from progeny of founders to eliminate 
influence of mosaicism. 
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Figure 1. Genes Used for Microinjection of Fertilized Rat Eggs 

(A) The HLA-B* 2705 gene (done pE.1-B27) was contained on a 6^ kb 
EcoRI fragment. Exons are indicated by boxes and labeled. Probes 
from the 5' and 3' flanking regions, labeled A and a respectively, were 
used for dot-blot hybridization of genomic DNA. Probe C, from the 3' 
untranslated region, was used for Northern hybridization. 

(B) The h& 2 m gene (clone p02m-13) was contained on a 15 kb 
Sall-Pvul fragment, Exons are indicated by boxes. The insert con- 
tained MOO bp of the vector pEMBL9, indicated by the open box at the 
3' end. The 3.7 kb Bgllt fragment labeled O was used for both dot-blot 
hybridization of genomic DNA and for Northern hybridization. 



Table 2. Production of HLA-B27 and hfam Transgenic Rats 






Founder 








lntegratk>n b 


Expression 0 


Strain Eggs* 


Pups 


B27 hfom 


B27 hfom 


LEW 348 


23 


8 7 


5 4 


F344 329 


24 


4 4 


1 1 



•Number of eggs injected and transferred to pseudopregnant 
recipients. 

* Transgenic animals were identified by dot-blot analysis of DNA iso- 
lated from tails. 

c Cell surface expression was assessed by indirect immunofluores- 
cence and flow cytometry of PBLs. 



and 2B), and in both lines the expression of the endoge- 
nous KT1 class I molecules appeared to be reduced in 
comparison with the nontransgenic control (Figure 2C). 

Immunologic Function of the HLA-B27 Transgene 

To assess T cell recognition of the B27 transgene product 
as a class I MHC antigen, primary grafts of B27 transgenic 
LEW rat skin were placed on nontransgenic LEW rats, and 
spleen cells from the recipient rats were subsequently 
tested for 827-specific cytotoxicity. As shown in Table 4, 



A 






HLA-B27 








c 


1 




■0. 





S 

«D 

cr 



B 














I 


A 



c 


* A 


RT1 




\ c f \ 











10° 10 1 10* 10 3 
Fluorescence Intensity 

Figure 2. Comparison of Cell Surface Expression of HLA-B27, hfom, 
and the Endogenous RT1 Class I MHC Molecules in 21-4H, 21-4L, and 
Nontransgenic Rats — 
Peripheral blood mononuclear cells were incubated with saturating 
concentrations of monoclonal antibodies and fluorescein-labeled sec- 
ond antibodies and then analyzed by flow cytometry, as described in 
Experimental Procedures. The results demonstrate that cell surface 
expression of both transgenes was at least as high in the clinically nor- 
mal 21-4L line as In the disease-prone 21-4H line and that endogenous 
RT1 expression appeared lower in the transgenic rats than in the non- 
transgenic control- Sources of cell populations were nontransgenic 
LEW stained with negative control antibody (a), 21-4H (b). 21-4L <c) t 
and nontransgenic LEW stained with anti-RTl antibody (d). Monoclo- 
nal antibodies were anti-HLA-B27 <ai.2a2) (A), anti-h^m (BBM.1) 
(B) t and anti-RTl class I (OX18) (C). 
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Table 4. Cell-Mediated Cytotoxicity against HlA-827 



effector uetis 




Effector to 


% Cytoxictty of 
Target Cells 


Donor 


Recipient Target Ratio 827 + h(J 2 m + 


B27"h3 2 m + 


Experiment t 










21-4L 


LEW 


100 


34 


15 






50 


38 


8 






20 


36 


3 


LEW 


LEW 


100 


19 


13 






50 


14 


7 






20 


5 


1 


Experiment 2 










21-4H 


LEW 


100 


18 


7 






50 


8 


4 






20 


3 


2 


LEW 


LEW 


100 


3 


3 






50 


1 


2 






20 


0 


1 



Spleen cells from LEW rats grafted 7 days earlier with skin from either 
21-4 transgenic or normal LEW donors were incubated at the indicat- 
ed effector target ratios with 51 CMabeted murine L cell targets express- 
ing either hfom atone or hfom and HLA-827. Incubation times: 
experiment 1 , 6 hr; experiment 2, 4 hr. SO <15% in experiment 1 and 
<10% in experiment 2. 



spleen cells from nontransgenic LEW rats receiving grafts 
from either 21-4H or 21-4L donors showed significantly 
higher lytic activity against L cell targets transferred with 
the B27 gene than against otherwise identical targets 
lacking this gene. Lytic activity was also higher in recip- 
ients of transgenic grafts than in recipients of control non- 
transgenic syngeneic grafts. These results indicate that 
the B27 transgene product is recognized in a conventional 
manner by allogeneically primed cytolytic T cells. 

Inflammatory Disease in the 21-4H Line: Clinical 
and Histologic Findings 
Gastrointestinal Tract 

Overt disease appeared in all of the rats bearing the 21-4H 
transgene locus that survived past 10 weeks of age. This 
cohort consisted of 14 males and 9 females. The most 
common and persistent finding was diarrhea, manifested 
by frequent, voluminous, often watery stools. Diarrhea 
was observed in alt 23 animals, with equal persistence 
and severity in the two sexes. Histologically, the gastroin- 
testinal disease was manifested by chronic inflammation 
involving the stomach and small and large intestine (Fig- 
ure 3). The distribution and severity of the lesions varied, 
the colon being the most consistently and prominently af- 
fected site. Less frequently, gastric lesions predominated. 
In all sites, the inflammatory cells consisted primarily of 
large and small lymphocytes, plasma cells, and smaller 
numbers of eosinophils. Although the inflammatory re- 
sponse remained primarily in the lamina propria, in the 
most severely affected regions it extended into the sub- 
mucosa. Lymphocytes were commonly aggregated into 
small hyperplastic lymphoid foci, especially in the colon 
and ileum. 

In the intestinal lesions, hyperplasia of crypt epithelial 



cells replaced mucus-secreting cells and increased the 
depth of the crypts (Figures 3D and 3F). Hyperplastic 
crypt cells showed regenerative atypia and a marked in- 
crease in mitotic activity. Destruction of crypts and/or the 
formation of crypt abscesses was uncommon and seen 
only in the most inflamed areas. 

The gastric lesions generally consisted of widely scat- 
tered inflammatory foci in the lamina propria and sub- 
mucosal but in more severe lesions inflammation was 
much more extensive, and inflammatory cells accumu- 
lated in ectatic glands. The proliferation of mucus-neck 
cells resulted in marked reduction in the number of pari- 
etal cells (Figure 3B). 

That the gastrointestinal inflammation did not result 
from a contagious pathogen was suggested by four pieces 
of evidence. Stool cultures for - aerobic bacteria yielded 
only normal fecal flora. Furthermore, rats of the 21-4L line 
. and nontransgenic LEW, rats were housed for long periods 
in the same cages with affected 21-4H rats without show- 
ing any diarrhea or other signs of illness. In addition, the 
histology of the gastrointestinal tract of the affected 21-4H 
rats was not consistent with any known infectious process. 
Finally, diarrhea has also appeared in six out of seven 
transgenic rats of the 33-3 line past the age of 2 months, 
and not in their nontransgenic littermates. 
Peripheral and Axial Joints 

Peripheral arthritis was observed in 10 of 14 21-4H males 
and in 1 of 9 21-4H females. This was manifested in most 
cases by swelling, erythema, and tenderness of the tarsal 
joints of one or both hindlimbs (Figure 4B). In a few ani- 
mals the carpal joints or digits were also inflamed (Figure 
4D). The arthritis persisted from a few days to several 
weeks, and in some cases showed an undulating pattern 
of remission and exacerbation. 

Histologically, large accumulations of neutrophils were 
present in the joint space. The synovium was hyperplastic, 
edematous and infiltrated with large numbers of lympho- 
cytes, plasma cells, and neutrophils, with neutrophils 
predominating in the most active lesions (Figure 6B). 
. There was marked pannus formation thateroded the bone 
" ^ at the synovial recessrinvading and destroying the articu- 
lar cartilage. Where the articular cartilage on adjacent 
joint surfaces was completely replaced by pannus, fibrous 
ankylosis occurred. Reactive bone formed small osteo- 
phytes along the diaphyses, and foci' of metaplastic bone 
were seen within the fibrotic joint capsule. Chronic inflam- 
mation extended from the joint capsule to involve adjacent 
ligaments and tendons. Despite extensive joint destruc- 
tion evident histologically, resolution generally occurred 
with preservation of mobility in the large joints. 

Vertebral joints from two tails of 21-4H rats were exam- 
ined histologically, and both revealed inflammatory changes 
at the outer aspects of the annulus fibrosus and its attach- 
ment to the vertebral endplate (Figure 6D). The inflamma- 
tory cells consisted of lymphocytes and small numbers of 
plasma cells mixed with active fibroblasts. There was ac- 
tive bone resorption at the insertion of the annulus and the 
adjacent periosteum was reactive. 
Skin and Nails 

Several animals of both sexes developed grossly evident 
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Figure 3. Gastrointestinal Histopathology of 
21-4H Rats 

Normal control specimens are from nontrans- 
genic LEW rats, 3-6 months old. 

(A) Normal stomach. Arrowheads indicate typi- 
cal parietal cells (81.25x). 

(B) Stomach of a 3-month-oid 21-4H male, 
showing chronic gastritis, with numerous di- 
lated pits and glands (asterisks). A microab- 
scess is present in one dilated gland (arrow- 
head). Hyperplasia of the mucus-neck cells 
has largely replaced the parietal cells, and an 
inflammatory infiltrate is present throughout 
the lamina propria (65x). 

(C) Normal ileum (84.5 x). 

(D) Ileum of a 3-month-old 21-4H male, showing 
chronic enteritis. The depth of the crypts is in- 
creased due to epithelial cell hyperplasia. 
There is a loss of mucus-secreting cells, and an 
inflammatory infiltrate is present throughout 
the lamina propria (84.5 x). 




(E) Normal colon (975x). 

(F) Colon of a 3-month-old 21-4H male, showing 
chronic colitis. The depth of the crypts is 
markedly increased due to epithelial cell hyper- 
plasia. There is a loss of mucus-secreting cells, 
and an inflammatory infiltrate is present 
throughout the lamina propria (97.5 x). 




changes in the tall skin and/or dramatic hyperkeratosis 
and dystrophy of the nails on all four extremities (Figures 
5B and 5D). Histologically, in the tail lesions the epidermis 
was massively thickened by psoriasiform hyperplasia 
(Figure 6F). The rete ridges were regular and thickened 



at the base. Exocytosis of lymphocytes and neutrophils 
was common, with these cells accumulating in spongiotic 
foci in the epidermis, in the superficial parakeratotic crust, 
or around degenerated, necrotic keratinocytes. Diffuse or- 
thokeratotic hyperkeratosis was prominent. The super fi- 
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Figure 4. Peripheral Joint Gross Pathology of 21-4H Rats 

Normal control specimens are from nontransgenic LEW rats, 3-6 months old. 

(A) Normal distal hirxflimb. 

(B) Distal hindlimb of a 6-monthold 21-4H male showing swelling and erythema. 

(C) Normal distal forelimb. 

(D) Distal forelimb of a 4-month-old 21-4H male showing swelling and erythema surrounding the carpal joint. 




Figure 5. Nail and Skin Gross Pathology of 21-4H Rats 

(A) Normal hindlimb digits and nails. 

(B) Hindlimb digits and nails of a 3Vi-month-oW 21-4 male, showing hyperkeratosis and dystrophy of the nails and alopecia over the digits. 

(C) Normal tail. 

<0) Tail of a 3Vi-month-old 21-4 male (same as in (BD, showing edema, alopecia, flaking, and masking of the normal ridged pattern. 
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Figure 6. Peripheral and Axial Joint and Skin Histopathotogy of 21-4H Rats 
Normal control specimens are from nontransgeriic LEW rats, 3-6 months old. 

(A) Normal tarsal joint. Synovium (arrowhead), articular cartilage (AC), subchondral bone (SB), and joint capsule (J) are labeled (78x). 

(B) Tarsal joint of a A^nonth-otd Z\-4H male (same as in Figure 40), showing chronic arthritis. There is a marked inflammatory infiltrate in the joint 
capsule and synovium, with pannus (asterisks) eroding articular cartilage (AC) and subchondral bone (SB) on both sides of the joint (585 x). 

(C) Normal tail intervertebral joint. The annulus fibrosus (AF), vertebral end plate (P). ossification center of subchondral bone (SB), and periarticular 
adipose tissue (AT) are labeled (65x). 

(D) Tail intervertebral joint of a 4-month-old 21-4H male (same as in Figure 40), oriented as a mirror image of (C), showing expansion of the periarticu- 
lar connective tissue by mononuclear inflammation and fibrosis (asterisks), invading and disrupting the attachment of the outer layers of the annulus 
to the vertebral end plate (arrowheads). Annulus fibrosus, vertebral endpfate, and subchondral bone are labeled as in (C) (585 x). 

(E) Normal tail skin. The keratin layer (K) overlies the epidermis (EP) and dermis (DE) (975x). 

(F) Tail skin of a 3v* -month-old 21-4 male (same as in Figure 58), showing prominent, elongate, regular rete pegs (R) (psoriasiform epidermal 
hyperplasia), exocytosis of lymphocytes and neutrophils (arrowheads), parakeratosis (P), and dermal papillae (OP) containing inflammatory infil- 
trates (78x). 



cia! papillary dermis contained a diffuse infiltrate of neutro- 
phils, lymphocytes, and plasma cells. Similar changes 
were seen in skin over the distal aspect of the digits. 
Testis and Epididymis 

Orchitis and epididymitis were prominent findings in the 
21-4H mates. The orchitis was manifested clinically by a 



progressive enlargement of the testes followed by testicu- 
lar atrophy, with infertility ensuing by 3 months of age in 
most of the males. In contrast, the females showed little 
loss of fertility, even in the presence of persistent diarrhea. 
Histologically, the testicular tunica was thickened by con- 
nective tissue, which contained active angioblasts and fl- 
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Figure 7. Male Genital Tract and Myocardial Histopatbok>gy of 21-4H Rats 
Normal control specimens are from nontransgenlc LEW rats, 3-6 months old. 

(A) Normal testis (71 J5x). 

(B) Testis of a 3-month-old 21-4H male, showing chronic orchitis with an intense mononuclear cell interstitial inflammatory infiltrate and sperm granu- 
lomas (G) (71.5x). 

(C) Normal epididymis (65x). 

(O) Epididymis of a 3-month-old 21-4H male, showing chronic epididymitis with a granulomatous interstitial inflammatory cell infiltrate (I), sperm granu- 
loma (G), and dilated tubules (T) containing degenerated inflammatory cells and no sperm (65 x). 

(E) Normal myocardium (78x). 

(F) Myocardium of a 3-month-old 21-4H male (same as in Figure 3F), showing myocarditis with a prominent mononuclear inflammatory cell infiltrate 
separating the myofibers (78 x). 



broblasts as well as large numbers of lymphocytes and 
plasma cells. The testes often contained numerous granu- 
lomas with necrotic centers surrounded by epithelioid 
macrophages and giant cells and peripherally by lympho- 
cytes, plasma cells, and fibrosis (Figure 7B). Central in- 
farction of the testis was a common finding in the most se- 
verely affected specimens. 

The epididymis frequently contained granulomas simi- 
lar to those found in the testis, along with dilated tubules 



containing necrotic cellular debris. The interstitium of the 
epididymis was expanded by lymphocytes, plasma cells, 
epithelioid macrophages, and moderate fibrosis (Fig- 
ure 7D). 
Heart 

Active inflammatory lesions were evident histologically in 
four of nine 21-4H hearts examined (Figure 7F). in one 
specimen, extensive multifocal lesions were seen, involv- 
ing the ventricular walls and septum. The lesions con- 
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sisted of large numbers of lymphocytes and small num- 
bers of plasma cells, macrophages, and eosinophils. The 
myoftbers were widely separated by the inflammatory 
cells, and scattered karyorrhectic nuclei were seen. In the 
less severely affected specimens, infiltrates of lympho- 
cytes and plasma cells were found at the root of the aortic 
valve. In more chronic lesions there was moderate fibrosis 
scattered throughout the myocardium accompanied by 
mild lymphocytic inflammation. In one animal the adven- 
titia of the great vessels was infiltrated by large numbers 
of lymphocytes and plasma cells admixed with proliferat- 
ing angioblasts and fibroblasts. 
Eye end Central Nervous System 
Mild keratitis and anterior uveitis were observed histologi- 
cally in one of five eyes from 21-4H rats, one of five eyes 
from 21-4L rats, and none of four eyes from nontransgenic 
LEW rats. These findings were judged to be nonspecific 
probably secondary to bacterial keratitis. 

A peculiar neurologic syndrome was seen in all of the 
females and most of the males of the 21-4H line. This was 
manifested by cerebellar ataxia, with intermittent epi- 
sodes of a stereotypical muscular dystonia, usually in 
response to handling or some other mild stimulus: Elec- 
trophysiologic studies during these episodes demonstrated 
increased muscular tone without evidence of a cortical 
seizure focus (data not shown). For several reasons, this 
abnormality was thought to result from a process distinct 
from that giving rise to the other lesions. Whereas the 
other lesions appeared after puberty and then progressed, 
the neurologic abnormality began within a few weeks after 
birth and showed no increase in severity thereafter. Unlike 
the other disease processes, the clinical pattern of the 
neurologic findings showed little variation from rat to rat. 
Furthermore, the histologic abnormalities associated with 
the neurologic disease, which involved primarily the spi- 
nal cord and cerebellum, were not inflammatory (data not 
shown). Finally, there was no evidence of neurologic dis- 
turbance in the transgenic F344 line that also showed 
diarrhea, nor in any of the other transgenic LEW lines. 
Other Tissues 

The following tissues were examined in at least one of the 
21-4H rats showing diarrhea and found not to show histo- 
logic abnormalities: esophagus, lung, liver, kidney, adre- 
nal, pancreas, penis, spleen, and thymus. Atrophy of thy- 
mus and spleen that was apparent to gross examination 
was a common finding, however, along with peripheral 
and mesenteric lymph node enlargement. 



Clinical and Histologic Findings In Other 
Transgenic Lines 

No clinical abnormalities were noted in any of the B27 
transgenic LEW lines other than 21-4H. Histologic tissue 
surveys of several 21-4L rats revealed a mild degree of in- 
testinal lymphoid hyperplasia and fibrosis as the only ab- 
normality. Similar intestinal lesions were also found at a 
lower frequency in nontransgenic controls, and hence the 
significance of these findings in the 21-4L rats is not yet 
established. As noted above, almost all transgenic rats of 
the F344 line 33-3 showed diarrhea by 2 months of age. 
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Figure 8. Northern Btot Analysis of HLA-827, hfom, and RT1 mRNA: 
Tissue Survey 

Total cellular RNA from tissues of 12-week-old male 21-4H, 21-4L, and 
nontransgenic control rats was subjected to denaturing agarose gel 
electrophoresis (10 ug par lane), transferred to nylon membranes, and 
hybridized to ^P-labeled probes as described In Experimental Proce- 
dures and Figure 1. Membranes were exposed to XAR-5 film at 
-70*C ^intensifying screens for 2-26 nr. 



Tissue Distribution of mRNA Expression 

Oespite the striking differences in disease manifestations, 
the 21-4H and 21-4L lines showed similar cell surface ex- 
pression of the transgene products in PBLs (Table 3; 
Figures 2A and 2B). It was thus of interest to compare the 
two lines with respect to the level and tissue distribution 
of mRNA transcripts of both transgenes. Northern blot 
analysis was carried out on total cellular RNA isolated 
from tissues of a limited number of rats of the 21-4H and 
21-4L lines. HLA-B27 mRNA was detected with a 350 bp 
probe from the HLA-B 3' untranslated region (probe C in 
Figure 1A), and hp 2 m mRNA was detected with the same 
probe used to detect hp 2 m genomic ONA (probe 0 in Fig- 
ure 1B). RT1 class I mRNA was detected with a 447 bp 
probe from the 3' untranslated region of the RT1.A gene. 
Figures 8 and 9 contain results from age- and sex-matched 
representatives of the 21-4H and 21- 4L lines and a non- 
transgenic control. 

As shown in Figure 8, the distribution and relative abun- 
dance of both B27 and hpgm transgene transcripts among 
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markedly reduced in 21-4H spleen, thymus, and colon, 
compared with tissues from a nontransgenic rat. High ex- 
pression of RT1 mRNA was found in the 21-4H testis and 
jejunum. In the case of testis, this probably reflects the in- 
tense infiltration of inflammatory cells seen histologically 
in this organ (Figure 7B) t whereas an explanation for the 
finding in jejunum is less apparent. 
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Figure 9. Northern Blot Analysis of HLA-827 and RT1 mRNA: Com- 
parative Analysis of Seven Tissues 

(A) Tissue sources and methods were the same as described in Fig- 
ure 8, Membranes were exposed 1-8 hr. 

(B) Tissue sources were the same as described in Figure 8. Five micro- 
grams of total cellular RNA was added per lane. Prostatic tissue in the 
21-4H animal was difficult to identify because of severe atrophy, pre- 
sumed to be due to loss of androgen stimulation. The membrane 
probed for B27 was exposed for 1 hr. A 10 hr exposure showed B27 
transcripts in 21-4H epididymis (data not shown). The membrane 
probed for RT1 was exposed for 5 hr. 



the various tissues examined were similar to those of the 
endogenous RT1 class I expression and typical of MHC 
class I gene expression (Klein, 1986). In addition, both 
transgenes produced mRNA transcripts of the predicted 
size. 

Figure 9 shows direct comparisons of the 21-4H and 21- 
4L lines with respect to the relative amounts of B27 and 
RT1 transcripts in tissues affected by the disease process 
in the 21-4H line. The abundance of B27 transcripts was 
dramatically higher in the 21-4H rat than in the 21-41 rat 
in spleen, colon, and testis, and less markedly increased 
in jejunum and epididymis. In the thymus, the B27 tran- 
scripts were approximately equal in the two lines; how- 
ever, this may have been a reflection of thymic atrophy in 
the 21-4H rats. 

Although the apparent reduction of RT1 cell surface ex- 
pression in PBLs was comparable in 21-4H and 21-4L rats 
(Figure 2C), at the level of mRNA there was no apparent 
reduction of RT1 transcripts in the 21-4L tissues exam- 
ined. In contrast, the abundance of RT1 transcripts was 



Discussion 

Integration and Expression of HLA-B27 and 
hp 2 m Transgenes in Rats 

In an attempt to create an animal model of B27-associated 
disease, we developed transgenic technology in rats and 
^produced inbred rats expressing both HLA-B27 and 
c hp 2 m.' Simultaneously, Mullins et al. (1990), using similar 
methods, were independentlymiccessful in producing 
transgenic rats expressing :a mouse renin gene. 

The levels of B27 and hfl 2 m mRNA transcripts in the 
transgenic tissues paralleled those of the endogenous 
class I genes in nontransgenic tissues, suggesting that 
the transgenes were subject to physiologic regulation. It 
is interesting that the presence of the human transgenes 
resulted in an apparently reduced expression of the en- 
dogenous class I RT1- genes, at the level of cell surface 
protein expression in PBLs and/or at the level of mRNA, 
both in lymphoid and nonlymphoid tissue. The possibility 
was not excluded that the reduced binding of 0X18 anti- 
body to the transgenic PBLs was due to an effect of h(3 2 m 
either on the number of cell surface RT1 class I molecules 
or on the affinity of the 0X18 antibody for these molecules. 
However, such an effect would not explain the prominent 
reduction in RT1 mRNA transcripts seen in the 21-4H 
spleen, thymus, and colon. 

Several transcriptional regulatory elements have been 
identified in the 200 bp 5' to the transcription initiation site 
in murine class I MHC genes, including the binding site 
for the conserved nuclear4actor;KBF1 (David-Watine et 
, » aL, 1990; Kieran et al., 199Q), and homologous sequences 
are found in the HLA-B27 promoter ..region (Weiss et al., 
1985). Thus, at least part of the inhibition of RT1 transcrip- 
tion in the 21-4H tissues might be explained by competi- 
tion by the transgenes for nuclear factor binding. 

The Inflammatory Disease of the 21-4H Transgenic 
Rats: Comparison with B27-Associated 
Oisease in Humans 

B27-associated disorders in humans encompass a spec- 
trum of inflammatory diseases affecting predominantly 
the peripheral and axial musculoskeletal system, gas- 
trointestinal tract, genital tract, integument, and eye (Table 
1). Less common involvement of heart and nervous sys- 
tem and rare involvement of lung are also observed in 
these disorders (Bulkley and Roberts, 1973; Good, 1974; 
Taurog and Lipsky, 1990). The spontaneously arising dis- 
ease in B27/hp 2 m transgenic rats showed a striking clini- 
cal and histologic similarity to 827-associated disease in 
humans, with inflammatory lesions of peripheral and axial 
joints, gut, male genital tract, nails, skin, and heart. The 
close resemblance of the findings in the transgenic rats 
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to B27-associated disease in humans strongly supports 
the conclusion that the B27 molecule itself participates in 
the pathogenesis of the various lesions found in different 
organ systems in the spondyloarthropathies. 

The most prevalent site of Inflammation in the trans- 
genic rats appears to be the gastrointestinal tract. AH of 
the 21-4H rats under observation for at least 6 months de- 
veloped overt diarrhea, and a similar picture is emerging 
in the 33-3 line. These findings suggest that the events ini- 
tiating the disease process occur in the gastrointestinal 
tract and that further investigation of the intestinal im- 
munophysiology and immunopathology of the transgenic 
animals may provide some insight into the role of the B27 
molecule in these events. 

Numerous observations in humans support a causal 
link between factors in the gut and inflammatory joint dis- 
ease. Peripheral and axial arthritis are common accom- 
paniments of chronic inflammatory bowel disease even in 
the absence of B27 (Table 1), and recent evidence sug- 
gests that milder degrees of gastrointestinal inflammation 
are closely correlated with the occurrence of B27-asso- 
ciated joint disease in individuals without bowel symp- 
toms. Histologic examination of endoscopicalfy obtained 
biopsies in a large series of patients with reactive arthritis 
or ankylosing spondylitis indicated that over 60% had 
asymptomatic inflammatory lesions of the terminal ileum 
or colon (Cuvelier et at., 1987). Whether patients with 
B27-associated disease develop inflammatory lesions in 
the more proximal small intestine or stomach that might 
resemble those seen in the 21-4H rats is not known. 

Although gastrointestinal inflammation in the trans- 
genic rats was present equally in both sexes, arthritis oc- 
curred predominantly in males. This closely followed the 
pattern in humans, in whom males with ankylosing spon- 
dylitis, juvenile onset spondyloarthropathy, or reactive ar- 
thritis following genital infection outnumber females 3- to 
10-fold. The prevalence of subclinical gastrointestinal in- 
flammation in B27 individuals without rheumatic disease, 
either male or female, is not known. Both peripheral and 
axial arthritis occurred in the 21-4H rats. Clinically, the pe- 
ripheral arthritis resembled that seen in other experimen- 
tal models of arthritis in rats, such as those induced by 
complete Freund's adjuvant or streptococcal cell walls, 
with swelling and erythema of the proximal hind paw be- 
ing the predominant lesion. Histologically, the involved 
joints showed lesions typical of experimental arthritis in 
rats, as well as B27-associated peripheral arthritis in hu- 
mans, with synovial hyperplasia, inflammatory cell infiltra- 
tion, pannus formation, and destruction of articular carti- 
lage and bone (Greenwald and Diamond, 1988; Taurog et 
a(. t 1988b). 

Axial arthritis, with inflammatory cell infiltration and 
periosteal reaction at the margins of the intervertebral 
discs, was seen histologically in the tails of 21-4H rats. 
This appears to be the same pathologic process that 
leads to the vertebral changes in ankylosing spondylitis, 
although histologic comparison of this lesion with human 
spondylitis is made difficult by the paucity of descriptions 
of early lesions in humans (Ball, 1971; Eulderink, 1990). 
More generally, the vertebral lesion in the 21-4H rats also 



closely resembles the enthesitis, inflammation at ligamen- 
tous attachments to bone, that is a pathologic hallmark of 
the B27-associated diseases in humans (8all t 1971). 

Dramatic psoriasiform skin and nail lesions developed 
in the 21-4H rats. These lesions show an extraordinary 
histologic resemblance to psoriatic lesions in humans. Al- 
though in most patients with psoriasis vulgaris there is no 
association with HLA-B27, lesions termed keratoder ma 
blenorrhagica that are histologically indistinguishable 
from the psoriatic variant pustular psoriasis are commonly 
found in B27-associated reactive arthritis (Good, 1974; 
Keat, 1983). Furthermore, typical psoriasis vulgaris occa- 
sionally supervenes in patients initially presenting with 
reactive arthritis. Finally, a common pathogenetic mecha- 
nism between psoriasis vulgaris and B27-associated dis- 
ease is suggested by the recent observation that both 
psoriasis vulgaris and the jskin lesions of Reiter's syn- 
drome appear to -be significantly -exacerbated in patients 
with coexistent infection with the human immunodefi- 
ciency virus HIV-1 (Duvic et aL, 1987). 

Another striking lesion in the 21-4H rats wais orchitis, 
which was found in virtually all of the males, invariably in 
association with epididymitis. In humans, urogenital in- 
flammation is prevalent in B27-associated diseases. Al- 
though urethritis in males with reactive arthritis is a com- 
mon finding even in the absence of known urethral 
infection, prostatitis and epididymitis in males, cervicitis in 
females, and cystitis in both sexes have been described 
(Yli-Kerttula, 1984). Although there have been no reports 
of histologically confirmed orchitis associated with HLA- 
B27 or with B27-associated syndromes, clinical descrip- 
tions suggestive of orchitis have been published (Mon- 
tanaro and Bennett, 1984). It is thus not altogether unlikely 
that the inflammatory process induced by B27 in the 21-4H 
rat testis has a milder human counterpart. 

Inflammatory disease involving the root of the aortic 
valve and myocardium was found in the 21-4H rats. Both 
^aortic insufficiency and ^cardiac conduction disturbances 
are well-documented Complications of ankylosing spon- 
dylitis and reactive arthritis (Bergfeldt et al., 1988; Bulkley 
and Roberts* 1973; Good,r1974). Moreover, primary myo- 
cardial disease may also be relatively prevalent in anky- 
losing spondylitis (Brewerton et al., 1987). The cardiac 
pathology of the 21-4H rats, like the lesions in the periph- 
eral and axial joints, gastrointestinal tract, skin, and mate 
genital tract, thus appears to be a direct counterpart of a 
pathologic process in 827-associated human disease. 

In comparing the pathologic lesions identified in the 
B27 transgenic rats with 827-associated disease in hu- 
mans, only the neurologic disease in the 21-4H LEW line 
seemed to represent a significant anomaly. Occasional 
cases of either central or peripheral neurologic disease 
have been reported in association with B27-assoctated 
reactive arthritis (Good, 1974; Montanaro and Bennett, 
1984; Taurog and Moore, 1986), but none of these has 
been characterized histologically, nor do their clinical 
descriptions resemble the findings in the 21-4H rats. As 
mentioned under Results, the neurologic lesions in the 21- 
4H rats appear to be temporally and histologically un- 
related to the inflammatory disease seen in other organs. 
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Although the possibility cannot be excluded that the neu- 
rologic disturbance contributed indirectly to the inflamma- 
tory lesions, for example by disruption of the normal inner- 
vation of lymphoid tissue or gut (Anderson, 1990), the 
absence of neurologic disease in the 33-3 line, a second 
transgenic line exhibiting spontaneously occurring B27- 
associated disease, suggests that the neurologic disease 
in the 21-4H line is not a necessary part of the inflamma- 
tory process in other organ systems, but likely a result of 
a dominant insertional mutation. A complete description 
of the neurologic findings in the 21-4H line is in progress. 

The Inflammatory Disease of B27/hp 2 m Transgenic 
Rats: Possible Mechanisms 

It is unclear why overt inflammatory disease developed in 
only two of the seven transgenic rat lines, 21-4H and 33-3. 
It is unlikely that differences in postconceptional environ- 
ment play a significant role in determining the phenotypes 
of the different transgenic lines, since segregation of the 
diseased phenotype with the 21-4H locus was uniformly 
observed in litters containing both 21-4H and 21-4L off- 
spring. Insertional mutation appears unlikely as an expla- 
nation, since two independent transgenic lines developed 
aspects of a similar disease. Nor was evidence obtained 
for differences in B27 function, since the 21-4H and 21-4L 
lines comparably stimulated immune recognition of B27 
by cytolytic T cells. The variation among transgenic rat 
lines most likely can be ascribed to either quantitative or 
qualitative differences in the expression of the transgenes 
or to differing effects of the transgene on the host genome. 

The results presented in this study do not exclude the 
possibility that a human class I MHC gene other than 
HLA-B27 might also be capable of producing a disease 
process similar to that described here, nor do they exclude 
the possibility that the hp 2 m gene alone might be suffi- 
cient to produce disease. Studies are in progress to ad- 
dress these possibilities. 

Several lines of evidence have suggested that Interac- 
tions between B27 and bacterial products are involved in 
the pathogenesis of the spondyloarthropathies (Yu et aLj 
1989). Although the disease in the transgenic rats arose 
spontaneously in the apparent absence of infection by 
pathogens, the possibility must be considered that the 
pathogenesis involves interactions between B27 and com- 
mensal organisms such as the intestinal flora or patho- 
gens not detected by routine serologic screening. Studies 
in which the transgenic rats are maintained germ free will 
be important in exploring this issue. 

Despite extensive investigation of the structure and 
function of class I MHC genes in general and HLA-B27 in 
particular, it has so far not been possible to identify the 
molecular mechanism of the association of B27 with hu- 
man disease. However, given the dose resemblance of 
the spontaneous disease of the 21-4H line to 627-asso- 
ciated human disorders, a detailed cellular and molecular 
analysis of the B27/hf5 2 m transgenic rats should enhance 
our understanding of the role of HLA-B27 in causing dis- 
ease. It may also contribute to a broader understanding of 
the function of class I MHC molecules. 



Experimental Procedures 
Animal* 

Specific pathogen-free inbred lewis/CrlBR (LEW) and Fischer F-344/ 
CrIBR (F344) rats, and outbred Sprague-Oawley rats, were purchased 
from Charles River Laboratories, Boston, MA. Hybrid mice of the trans- 
genic line $6-3 (Taurog et al., 1990), which express high levels of both 
827 and hfom on lymphoid cell surfaces, were bred in our animal 
colony. Animals were maintained in accordance with institutional 
guidelines. 

Generation and Identification of Transgenic Rats 

Immature LEW or F344 female rats were superovulated according to 
the method of Armstrong and Opavsky (1988) and bred with fertile 
males. The day following breeding, fertilized one-cell eggs were 
flushed from the oviduct of females exhibiting either vaginal plugs or 
sperm in vaginal lavage fluid. Eggs were held in 8rinster*s medium for 
< 2 hr or less before microinjection. Microinjection of eggs and transfer 
to day 1 pseudopregnant Sprague-Oawley females were carried out 
essentially as described fbnmice^Brinster et al., 1985). 

Two genomic clones were used Jormiicroinjection of fertilized rat 
eggs (Figure 1). The HLA-B27 gene encoding the HLA-B* 2705 sub- 
type (Bodmer et al., 1990) was contained on a 85 kb EcoRI fragment 
(done pE.1-827; Taurog et al., 1988a; Taurog and El-Zaatari, 1988) and 
the hfcm gene was contained on a 15 kb Sall-Pvul fragment (done 
P02m-13, the gift of Dr. H. L. Pfoegh, Amsterdam. The Netherlands; 
Gussow et al., 1987). Each insert was separated from piasmid ONA by 
agarose gel electrophoresis and isolated by perch lo rate elution (Chen 
and Thomas, 1980). The solution used for microinjection contained 
both fragments, each at 1.5 ng/iil. 

Identification and quantitation of transgenes were determined in the 
founder animals and their progeny by dot-blot hybridization of genomic 
DNA isolated from tail biopsies, as previously described (Brinster et al., 
1985). Genomic DNA was analyzed by hybridization with 5' and 3' 
Hanking probes for the HLA-B locus, as previously described (probes 
A and B in Figure 1A; Taurog et al., 1988a), and with a 3.7 kb Bglll 
fragment containing axons 2 and 3 of the hfom gene (probe D in 
Figure 18). 

RNA Analysis by Northern Blot Hybridization 

Northern blot hybridization was carried out as described elsewhere 
(S, O. Maika, L. Laimonis, A. Messing, and R. E. Hammer, submitted). 
Briefly, total cellular RNA was extracted from tissues by the gua- 
nadinium isothtocyanate-CsO procedure, separated on glyoxal aga- 
rose gels, and blotted. onto nylon. membranes. HLA-B27 mRNA was 
detected with the 350 bp HLA-B 3' untranslated region probe pHLA-1.1 
(probe C in Figure 1A; Koiler et al., -1984), and hfem mRNA was de- 
tected with the same 17 kb Bglll -fragment used to detect hfom 
genomic ONA (probe D in Flgure18):RT1 class I mRNA was detected 
with a 447 bp Pvull-Hindlll fragment containing the 3' untranslated re- 
gion of the RT1.A« gene pBS3.3fl (the gift of Dr. J. C. Howard, Cam- 
bridge, England; RadaetaJ., 1990). All stringency washes were carried 
out in 0.1 x SSC. 05% SOS at 65°C. 

Monoclonal Antibodies, Indirect Immunofluorescence, 
and Flow Cytometry 

The following murine monoclonal antibodies were used: B.1.23.2, 
IgGa), binding a monomorphic determinant shared by HLA-B and -C 
molecules (Rebai and Malissen, 1983); BBM.1, IgGja,. binding hp 2 m 
(Brodsky et al., 1979); and OX18, lgG 1f binding a monomorphic rat 
RT1 class I antigen (Fukumoto et al., 1982). PI. 17, an IgGa myeloma, 
served as a negative control. 

Indirect immunofluorescence was carried out as previously de- 
scribed (Taurog and El-Zaatari, 1988; Taurog et al., 1988a). Briefly, 
Ffcoll-Hypaque-purified peripheral blood mononuclear cells were in- 
cubated with saturating concentrations of each monoclonal antibody, 
washed, then incubated with fluorescein-conjugated Ffabft frag- 
ments of goat anti-mouse Fey antibodies (Cappel Inc., Malvern, PA). 
After washing, the cells were fixed in 1% paraformaldehyde before 
analysis on a FACScan flow cytometer (Becton Dickinson, Mountain 
View, CA). Viable lymphocytes were analyzed by gating of forward and 
90° light scatter. 
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Generation and Anatyala of Cytolytic T Call* 
Primary alloimmunization by skin grafting was earned out by the 
method of Peter and FeWman (1972). Seven days after graft place- 
ment, recipient spleen cells were used as effector cells in a 4-6 hr 
*Cr release assay, as previously described (Taurog et al., 1988a). Two 
mouse L celt lines were used as target cells, one transfected with and 
expressing the hpam gene, the other transfected with and expressing 
both the HLA-B'2705 and h0 2 m genes, as previously described (El- 
Zaatari et aJ M 1990). 

Histology 

Tissues were fixed in 10% neutral buffered formalin, embedded in par- 
affin, sectioned, and stained with hematoxylin and eosin. Joints were 
embedded and sectioned following fixation and decalcification for 4-6 
weeks in 10% disodium EDTA, as previously described (Taurog et al.. 
1988b), or following decalcification in 10% formic acid. Eyes were em- 
bedded in methacryiate before sectioning and staining. 
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Expression of the DBA/2J Ren-2 gone in the adrenal 
gland of transgenic mice 



J.J.Muttlns 1 . C.D.Siground. C.Kana Hu« and 
K.W.Groea 

rVpailmrnt <tf M*Ucoilw *<** CcltuUr Hloknty, R<*wdl Putt 
McfiKKUl InMmHc. <*>o Him Slit*. BuMMo. NY 1426V USA 

'tWt« »adrrM Ortmn Inrtttu* for H**b Blond Pw«uit Rr^wch 
unit IVpttrtmcftf »*f Ph«rmACi*ify. Uwvf rw(y M^toVlbcr*. Im 
Nwnrwlnwt FrW Mft. IMrWO HchWIhcrs. HtU 

Communicated by M .Sch*chnrr 

To ctairacterixe further the Ussue-#pectfV control of the 
motiN* R*n-2 gene, and In particular its expffMskm In the 
adrenal gland, we have Introduced the OBA/2 Rr#-2 gene 
Into the genome of J***-/*/***-/' rake. Here we report 
our observation* on #f#n-2 transgenic mice. Expression 
wan found In the correct spectrum of tissues and Included 
appropriate hormonal control in the submandibular 
gland. Quantitatively tranacript levcts varied both 
positively (adrenal gland and sex-accessory tissue) and 
negatively (wbmandibtdar gland and kidney) with 
respect to normal R**~2 expression. In the DBA/2 Inbred 
mouw *rain exprt***** la the female mdrra^ gkand cycles 
during oestrus between the X-sone and the tona 
fotciculata. Transgene expression within the adrenal 
gland wa» restricted to the X-tone. Therefore this 
phenotype, which U characteristic of moat two-rrnkv^erw 
strains of mice, contrasts with that found in the tti Hn 
DBA/2 from which the transgene was derived. This 
fcutfjpai* tW «.U*-»tMcJf«c exprccdon la the adrcss! 
R land b mediated i* trtms by at least one additional locus. 
We demonstrate that suitable genetic crown* of the 
transgenic mice can partially restore the cycling 
phenotype. 

Key **>rds: adrcnal/m a/ii/ocstrus/ renin/transgenic mice 



Introduction 

In roammals the primary source of circulating renin is the 
kidney where synthesis has been discretely localized to the 
juitagtorrcrular ceils (Hartcroft. I%3; Lacasse et a/. , I9S5). 
Recently, coraiderabk: attention has been given to extra-renal 
sites of renin cxpressicm, and there is evidence for renin 
synthesis in many organs, including the adrenal gland, testis, 
ovary and brain (Htrosc et a/., 1980; Naruse tx at.. 1984; 
Kim etai. 1987), Although the significance of such 
expression is not yet understood, recent studies suggesting 
that angiotensin II promotes angiogenests (Fernandez a at. , 
1985b) and may be important for ovulation (rYlliccr et ai , 
1988) suggest that the renin -angiotensin system has 
physiological functions in addition to it* classic role in 
the maintenance of Wood pressure. 

The mouse is unique with regards to extra-renal expression 
since the submandibular gland (SMG) can be the she of 
extremely high expression, both at the mRNA and protein 
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level (Bing and Farup, 1965; Poulsen ei ai., 1979). Those 
strr iti* of mice that exhibit high SMG expreasion have been 
ithown to carry a d\ipiicsied copy of the renin structural gone, 
rtrn-2 (Mullins et ul. , 1982; Penthier €i al % 1982; Piecuv 
ef a/., 1982), which is closdy linked to Rm-I 4 (Aboi and 
Gross, 1988). Strains that express low levels of SMO renin 
possess a single renin gene, JUn-r, Bach of the throe 
distinct mouse renin genes has a unique expression profile 
despite high nucleotide sequence conservation (Field et ai , 
1984a; Holm et ai, 1984; Butt et a/., 1985). It is therefore 
not possible to extrapolate a rank order of expression for 
these genes from one tissue to another. The gene dupli ca t ion 
event and juxtaposition of the two renin genes resulted in 
a modified genomic environment which may account for 
the strikingly different expression patterns of these highly 
homologous genes. In the SMG, fUm-2 expression is 
- 100-fold higher than **»-/*, whilst to date there are no 
published reports of Ren-! 4 trajucripta having been detected 
in this tissue. This contrasts with the kidney, where ail three 
transcript* are found at approximately equal levels (Field 
and Gross, 1985). Studies in the adrenal gland show that 
there are cteveJopnxntal differences in expression in add**** 
to the variation found in adult animals, where Rm*r and 
Ren 2 are equally abundant and Renf is not detectable 
(Fiekt H n/. , 1984b). Two additional tissues studied with 
respeo <o their patterns o4 renin gene weprcasioo are me testis 
and the male sex accessory tissue. Transcripts for ail three 
genes have been identified in the testis with Ren I s being 
the most abundant, whilst the sex accessory tissue exhibits 
a very high level of Renr transcripts but little, if any, 
Ren-t 4 or Ren 2 derived transcripts (Fabian HaL, 1989). 
The relative expression of these genes in different tissues 
is surrunahzed in Table I which takes into account the 
number of renin expressing cells in each tissue. 

A striking fluctuation tn the oeU spedftcky of adrenal renin 
expression during oestrus has been observed by McOowan 
(1987). In the adult female mouse three phenotypes of 
adrenal renin expression are found. Firstly, a distinction can 
be made between strains with the Ren I* gene, in which 
expression is not detectable, and those carrying the two renin 
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genes Rtnl 4 and AVr>2. vhich are both expressed 
throughout oestrus. Secondly, within the two-renin-gene 
urmlru, two patterns of cell specificity are found. The 
simplest phenotype U constitutive expression within the X- 
xone of the adrenal cortex. A more complicated phenotypc 
is observed in the cloudy related strains. DBA/l md DBA/2. 
Whilst the relative abundance of Rtn-r and Rtn-2 
transcript* doe* not alter, the site of expression within the 
adrenal cortex change* In a cyclic manner during oeatrua. 
Ac pnx>e*tru»> renin transcripts are preaent in approxLnaicly 
equal abundance in both the X-zonc and the zona faaciculau. 
During oestrus, expression is only found in uV tone 
faackulata and a dramatic change in cell specificity occurs 
in the transition from oestrus to met -oestrus. At this time 
renin transcripts in the zona faaciculau decrease to an 
undetectable level, and are replaced by expression localised 
exclusively in the X-*onc. The fourth stage, di-oestrus, 
completes the cycle and is characterised by renin expression 
in both the X-xone and the zona fascicular with the latter 
having a significantly higher abundance of transcripts. Such 
observations further demonstrate the complexity of renin 
gene expression in the mouse and it is of considerable interest 
to define what aspects of differential structure act in ds to 
produce the differences described above. Transgenic mice 
provide a means of addressing these questions and also 
permit the study of gene expression during ontogeny and 
in varying physiological state*. As a starting point for such 
analyses of the mouse renin gene* we have constructed mice 
possessing both fUn-!' and Ren ? by introducing the entire 
DBA/2 R*n-2 gene Into the germline of mice which carry 
only the R*n-I locus (Ren-H. Here we describe our 
observations on the expression of this transgene. and the 
effect of oestrus on the cell specificity of the transgene 
expression within the adrenal gland. 



ftetutts 

rwQpmvOn Of uwfwrjwntC mfWnmm 

To construct transgenic mice carrying the Rtn-2 gene, a 
24 kb Xho\ restriction fragment was isolated from a Rm-2 
cosmid clone isolated in this laboratory (Field « a/. . 19S4b). 
This fragment contains 5.3 kb 5' of the major transcription 
start site and 9.5 kb 3' of the polyadenylation site. The DNA 
was prepared aa described and injected into the male 
pronucleus of BCF 2 eggs. Ninety-nine mice were bom of 
which 90 survived to weaning, and Southern blot analysis 
was performed on DNA isolated from tail biopsies of each 
animal. Restriction digests wen* carried out with the enzyme 
Pv*n and Wots were probed with an exon 1-IH specific 
300 bp Pstl-Kpnl restriction fragment, isolated from the 
mouse renin cDNA clone, pDD-lD2 (Field et 1984b). 

Figure 1(A) shows a Southern blot identifying the presence 
of Rtn2npeafK 8.5 and 0.8 kb FvwII fragments, in three 
of the mice seated. The additional 3 and 0.6 kb fragment* 
are derived from the endogenous Ren t* gene. In total, 19 
transgenic mice were identified :f which 14 were success- 
fully bred to yield positive offspring. The structure of the 
Ren -2 gene is indicated in Figure 1(B). which indicates the 
relevant Pwll sites that distinguish the transgene from the 
endogenous Ren l r gene. 
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IT*, I. Southern bkx analytic of progeny from mkroiniection. <A> 
^U^xtod DNA atmpk* (*0 MS) fro* cacti animal were 
ek*ln^*of**ed on i 0 *% agana* tel. Southern Wotted, end probed 
with « 300 bp renin cDNA probe specific to the 3' end of the gene 
(txom I -III). The probe we* labelled with f"PJoMoCTI> to * ■penf* 
activity of I x 10* dprn./j*. Ismm l-II, uil DNA ae/note*; lane 
12. DBA/2. The tiset of the reatrtctkm fratmcnu (Kb) a* •hown tt 
the right of the figure (B) Stiucturr of the DBA/2 Hm 2 gene. The 
potioom of the nine exom of the gene vt indiceasd within the 

24 kb XM (X) retfrfcciion fragment uaed in ttwtc ewdie*. The locution 
of the tatr»<i*erfMi A perttcte (IAP) element i* indicated V of the 
gene, and dkgnoetic /VaU thee ire denoted by the letter P. 

Exprmhn of tins Xhc* frywgw 
Prior to the analysis of transgene expression within the 
adrenal gland, we determined whether the Ren-2 transgene 
was expressed in a correct tissue-speciftc manner. Males 
from tworrenin-gcne.strsins (such as DBA/2) characteristi- 
cally express Ren 2 at ■ high level in the SMO, in which 
expression has been localized to the granular convoluted 
tubule (OCT) cells (Hirose etai % 1983; Lacassc eiaL, 
1985). The transgenic founder animals were therefore 
screened for the ability to express Ren 2 in this tissue, and 
seven mice were found to express the transgene in a ccll- 
npecific manner, at between 5 and 10% of the level in the 
SMG of a DBA/2 mouse. Figure 2 (left panel) shows in situ 
hybridbation analysis of the SMG from male founder TgX2 
with the renin antisense probe pSLM and the mx>4iYbndking 
sense probe pMLS. While pMLS shows no specific 
hybridization, pSLM clearly demonstrates a strong signal 
specific to the GOT cells. In order to determine if the sexual 
dimorphism characteristic of Ren 2 (and Ren-D expression 
in the SMG is also observed for the transgene, SMG RNA 
from positive male and female progeny of TgX2 were 
screened with a gene-specific primer extension assay (Field 
and Gross, 1985) and the results are shown in Figure 2 (right 
panel). Expression of the transgene was found to be 
signifWantiy higher in the male SMO (lane 3), than in the 
female SMG (lane 4) which in this exposure is undetectable. 
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cKNA pa** (pSLM) and * compWtw* (pMLS), ««d txpo-d tor 17 dys. <a>> Tg)Q 3MO Sjfcrtnssd » M»* fctS sn ^Sw* 



(f.d) TgX2 SMO hybrtdiwd to pMU. brtfj* fWU *d d*rt IWd. <We* psnst) Bnstt ^ «drof^« I^JfT^T 
.V SMO RNA (20 «) frxxn po»ki*T mtfa (1— 2) **1 few* ta 3) pro*** of T»X2, tot I. D»A/2 HdMry <*> sad *m-2 

ftpeciftc «*n»*on product* nit indicated, tnd omw digt»*r»eadde prim* it «hm by X>\ 
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kidney; I 
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TgX5 I 

DBA/2 kidney (nrnle) 80 *f — — - - - . . , 

ww uwrt tnd 2 «KiMUton product* *nj ind*c«wd. OUfowicWotWt prim* ■ +a*m ay *V • 



Upon testosterone induction of females carrying the 
transgene, SMG expression of increases to 

approximatdy ihc same levels as that observed in males of 
the same line (data not shown). Taken together, these results 
demonstrate that within the SMO the transgene is discretely 
expressed and responds in a manner similar to that of the 
wild-type Rm-2 gene upon androgen-induced differentiation. 

To characterise further the tissue specificity of transgene 
expression, total RNA was prepared from a wide range of 
tiwiues from a mature tnuugene-posWve male and screened 
by primer extension to determine whether Jfcw-2 transcripts 
were present (Figure 3A and B). Figure 3(A) shows that 
expression of is observed in the kidney and testis, both 
sites in which the wild-type Ren-2 gene is known to be 



transcribed. In addition, expression was oesactabk la the 
brain sod sex-accessory tissue. In contrast to all ether 
expressing tissues, Ren-2 transcript! within the brain were 
found to be of abnormal length sod the* relevance is at 
present unclear (see Discussion). The level of exp ression 
within the sex-accessory tissue, although low, was greaser 
than that found n a DBA/2 mouse (Fs*s»rf<*, I9tt)s*d 
reflects a site of enhanced tnwsge^ expression The s«ky 
of this tissue to express &*i-2-dertved ma s gnnii has been 
uidependentty ccnfWmed using fusion constructs (this 
laboratory. In preparation). Expression was not evident In 
liver, heart, rung, spleen or skeletal muscle, a finding 
consistent with the transgene being regulated comedy. 
Having confirmed that the transgene exhibited sppropr ia s e 
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(iftfcuc- and cell-specific expression, wt focused on the 
primary flume of intercut in the present study, the fertile 
ud renal gland. RNA from the ^1 renal glands of fctnaic nice 
from each transgenic line was assayed for Ren-2 transcripts 
and Figure 3<0) indicate* tV expression observed In adrcfaJ 
tissue of female* from linei TgX2 . TgXV TgX6 and TgX II . 
When complied to the espression of the wild type DBA£ 
Rrti-2 gene (Lane 5), it cm be ween that the transgenc is 
TTXprcssed at an equivalent (TgX2, T»X5) or signifkamlf 
neater level (TgX6, TgXI I ) 

^Sfefttion of 9xpr***ion wHhkt ffw tdnxwtf 

S**i 

Whii.^ rt ,;«/ ttfK j fa n „2 ttt c oquivalcntly expressed in the 
ud,l,t hale adrenal gland at all stages of oestrus (this 
lahorato, unpublished), *Vn-/' is not expressed. It was 
therefore iMJliWc lo u ie in situ hybridization to localize 
expression^ ttV transgent within this tissue. It was of 
tmetest to M^rmino f iril |y whether the high levels of 
cxprcsxkm o^j^j were due to constitutive expression 
throughout the^arrf or to expression in a discrete subset 
of cells* and, secondly, whether expression varied 
qualitatively or ^antiutivcly during the oestrus cycle. 
Adrenal glands we* removed at each stage of oestrus from 
transgenic mice (lit* TgX2 and TgX6) and BCF 2 control 
animals. After sccti^ing a* tissues were hybridized to a 
renin-apeciftc M S-lst*vd cRNA probe (Figure 4). Control 
animals did not expre* renin transcripts at any stage of 
oestrus (Figure 4 i~p)Vi contrast. TgX2^rWed female* 
(and al*o TgX6-dcrivcd Ntudes. tlaU not thown) expressed 
tlw transgene constitutive^ in the X -zone. No quantitative 
or qualitative variation w a* seen at any of the four stages 
of oestrus (Figure 4 a -h> Lipid vacuoles, which arc a 
common but variable feature if the female adrenal cortex, 
arc evident is many sections bu their appearance did not 
correlate wit* cither oestrus or rtnin expression, 

Induction of om*tnm dtptKkmt trm+nm» aucptavtort 

A primary difference between the TgX2 transgenic animals 
and DBA/2 is the genetic background in which the Ren-2 
gene resides. Therefore given the constitutive expression of 
the transgene m the adrenal X-zonc, wc postulated that an 
additional locus or loci may be involved in controlling 
oestrus-dependent cycling of expression. In support of this, 
female mice (BXD) derived from an Fl cross between 
C57BL/6J (Rtn-F) and DBA/2 (Ren- 1 4 . R<n-2) exhibited 
a modified cycling phenotypc in which renin mRNA 
awentrations in the zona fasctcuUta rose and fell but were 
never undetectable, and expression in the X-zone was 



constitutive (Figure 5, led panel a-d). Moreover, thb 
phenotypc is in contrast to thai of DBA/2 in which X-zonc 
expression was absent during oestrus (Figure 5, left panel 

e-h). 

Since Fl females carrying single copies of DBA/2»<pecifc 
loci derrkonstraaed the ability to vary expression with oestrus, 
we earned out a genetic cross between a transgenic fernaie 
mouse and a D2C make The D2C /ak>, (D2 ,C4dh-t JPep-3) 
carries the BaJb/cAnPl renin kxus on • DBA/2N background 
(Mock ti al. , 1997) and does not express its single renin 
gene (RmH in the adult adrenal gland. Since die DBA/2 
and D?C strains are congenk, profesty derived from the 
above cross were essentially heterozygous for all DBA/2 
loci. 

Female progeny. were tested Jar the preseooe of the 
transgene and positive anirrav i were staged for oestrus. M 
situ hybridojation anaiymis it iled Hint these mice had a 
modified phenotype similar to **t of the BXD Fl animals 
(Figure 5, right id). Renin mRNA was observed in the 
zona fssciculau s»«d during progression from oeatrua (ij) 
through met -oestrus (k,l) to c^-oeatrus (m,n) dus expreasion 
first diminished and then increased. Expreasion in the X- 
zone was sigiuficantry greaier than that in me zona 
fascicular and remained high during inet -oestrus, further 
ietnonstiating the similarity to the phenotype observed m 
BXD Fl females. 

A single copy of one or more DBA/2 -specific loci is 
therefore sufficient, and est to induce partial cycling 
of transgene exp* ssion in the zona faaciculata bu is 
isMifTicient to induce cycling in the X-zonc. It it possible 
txat complete quantitative restoration of the cycling 
pbenotype may be achieved tr*nxfciction of a second copy 
of the DBA? locus (or responsible and breeding 
experirncnts to test this are presently being carried out. 



T)e aim the preaera stud^ 

rcitiation of the mouse Jfo*2 gene in the adrenal gland by 
tnu%>icing a cloned copy of this gene onto a Rtn-riRm-f 
getUuc background; The tissue specificity of transgene 
cxpr**ion was d i" J** 

hybni ution, and a detailed study of adrenal expression 
perforn ed. 

Our utalysis of transgenic mice carrying the DBA/2 Rm-2 
gene wsh 5.3 kb of 5' and 9.5 leb of 3' flanking sequence 
respectively derrwnstratos that although such a construct will 
direct sifwficant expression within the anticipated spectrum 
of tissues, the absolute level of expression a not equivalent 



Ft*. 4. M mum hybodiwtinn analyiiu of female T$X2 »VtMi fiend;. Adrenal riaodt **rt removed from «a*ed htmk BCF, end ir eaae r al c 

T(tX2^eriv«t female m*e. Frww *ectk*u (8 ,m) were hybndiaod with the I^SIrt** cftNA probe pSLM- <•» TfX2 pro-oetfrwa, brie* fWd, 
dart field. (c,<f) TgX2 oettnn; bntf* field, dart fidd («.f) TgX2 mct^mmM; hrifN fidd, <krk Ae4d. (gM) T^Xi dHmamt; brtfte fhe4d, 4*k 
f»cW. (ij) BCF, pnvoCTtrw. bcighi Md. duo; ficW. (V.I) BCF 2 ocstna: bofh* field, dart field <»>■) BCF, met-oe*n»; brifta ftetd, dwt 6e4d. 
(o p) BCF 2 di^oesiruv. beighi Vld. dart ficW AM iccttora ww txpemed tor 8 dmyt except thoac for mt* <K*xv* whid» we expat* for 15 day*. 



5. <I*A pmmri) £tpm***s of rtnin mRNA t* the mktml (toad of (etrnk MAQ k CS7BU6J. mice (BXD PI). SXO Ft pRMMatma; 
hnght fWW. dart field (C.S) BXD Fl DeMrw; bnfht Md. dari fWd. «,f> DBA/2 prtMie-m; brt«N fWM, dart «4 (fJl) D#W3 aaatma: beta* 
field, dart field Hybrid**) acctkma were e^poaed for 19 day* etttftN for <e) and (f) whkH were expoaed for 15 itys. (W#S saswt) fc»d»cbd> of 
iranafem etprewfi w dx com raaciculata. Fmwn *ectwm (S *m) wen? prepared from che adrmal fianJa c4 auajad Isiarte aaaaa*nn P^^«_ 
pnia«ny fixien a cma» harwwn a male nrnuae and a femala fmm aV TfW traMfmic »Ue Sactkm* ww bydrtdbod to ^S^abetUd nmcrirwi 
♦ymheaUed fwn pSLM, and expmcd to emultmn for |1 dayt (I J) oeatrm; hrtfht field, dart ftrtd (a.l) mrt^eatma brtabl n»W, dart field (m m) 
dM»emnm. hrifht field, dart field 
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to the endogenous gene In a DHA/2 m*isc. Transcript 
levels in the SMO and kidney were ~ 10% of the level found 
In DBA/2 but in the Adrenal gland, transgenenicrivcd 
trinscrip** found to be extrenvly Abundant, exceeding 
the level of Ren 2 expression in the fenule DBA/2 mouse. 
The adrenal glands of male mice did not express significant 
•mounts oiRtn-2 although, as for DBA/2, low levels were 
detectable throughout the zona fasciculata. The lack of X 
/one expression in male mice possessing Ren-l r and Ren 2 
is due to the degeneration of this zone in the presence of 
high circulating levels of androgen, which arc also 
responsible for difference in SMO renin levels between male 
and female mice. This difference in SMO expression is 
reflected in uV transgenic animals, and demonstrates that 
the transgene is able to respond normally to the presence 
of androgens. In one tissue, the brain, transcripts were found 
by Northern blotting to be greater than the expected length. 
The origin of these tranacripta is presently unknown, hut may 
be due to adnormal spik ing or the use of a cryptic promoter 
or termination site. The relevance of these transcripts is 
uncloar. Further dutracterizatton by in situ hybridization 
analysis and RNaac protection assays will clarify their origin. 

The site of integration can dramatically affect transgene 
expression, whkh often does not correlate with copy number 
(Ps) miter and Brinster, 1986). This may explain why the 
expression of the Ren 2 transgene did not reach wild-type 
levels in the SMO and kidney. Several lines showed high 
levels of adrenal gland renin expression suggesting that the 
Kite of migration may be optimal ft* esprcsfckm in m*i»c 
tissues but not others. Poaitic*«<kspendcnt expression may 
be circumvented by the cons' Auction of a minilocus (Orosvei 
rial, 1987) which permits copy number-dependent 
expression irrespective of the insertion site. 

Tronikrfa/ (1987) recently introduced a similar cTOstruct 
into the mouse germJine and observed variable but higher 
!evt !s of expression in the SMO and kidney fhun w? report 
here. However, ax in this study, expression was not 
proportional to copy number. Since the shorter transgene- 
used in their study was isolated from the SWR inbred strain 
and introduced into mice of a different genetic background, 
this precludes a direct comparison. However, since several 
tissue-specif : enhancers may be present within a single gene 
and direct different expr *xsion patterns (Hammer et ai. , 
1987), it is possible that ,k two constructs do not possess 
equivalent control elements. 

rrmr*c+nm aurpraaaAon In ff* axfetvtar gtmnd 

Renin tranacripu in female DBA/2 adrenal glands exhibited 
cycling between the zona fasciculata and the X-zone, as 
described previously. Ren-2 transcripts in stage-matched 
transgenic animals were found exclusively in the X-zone, 
a feature characteristic of all two-rcnin-gene strains tested 
wiin the exception of DBA/ 1 and DBA/2 (McOowwi, 1987). 
Thus, expression of the Ren-2 transgene produces an exact 
phenocopy of all two gene strains except the one from which 
the gene was isolated (DBA/2). This strongly supports the 
evidence established for a /Jfn-incVpcndent, DBA-specific 
locus being involved in the adrenal gland phenotype 
described. 

These results provide evidence that a nf -acting element 
capable of promoting expression within the X zone of the 
mouse adrenal gland i* present within or very close (between 
5.3 kb upstream and 9,5 kb downstream) to the DBA/2 



Ren 2 gene. On the genetic background provided by the 
transgenic animals (C57BL/IORcm-/ x C3Hf/HcRos) no 
expression was found in the zona fascicutata at any stage 
in oestrus. However, when the transgene was introduced 
onto the heterozygous DBA/2 background, expression was 
found in the zona fascicutata in addition to the X-zone. 
Therefore, expression in the zona fascicutata requires the 
cornbinaion of s cu-acting element provided by the transgene 
and s DBA-specific /rum-acting factor. Whether the re- 
acting elements responsible for expression in the zona 
fascicular and the X-zone arc identical or distinct entities 
cm*** be determined from the, present study. 

Th# m mchm + m and $tgnmo*H* ol th* cyoMng #v»crt 

We intend to dctermincwgcnctically.u the number of loci 
involved in the cycling of adrenal renin expression, and the 
mechanism by which it is mediated. The mechanism 
underlying this phenotype may involve transcriptional control 
and/or variation In mRNA stability. One of the possible 
models to explain why zona fssciculata expression and the 
cycling event arise sirnultancously, would be that a DBA- 
specific positive regulatory factor is synthesized or revcrsibiy 
activated in a cyclical manner during oestrus, and assumes 
that renin mRNA half-life is extremely short. 

Control at the level of mRNA stability would seem 
probable since the changes in renin mRNA concentrations 
are very dramatic, particularly at met -oestrus, which in the 
mouse lasts only a few hours. For such changes ♦<> be solely 
controlled at the transcript iorol level would require not only 
very tight regulation of transcription but also that renin 
mRNA half-life be extremely short. Although mRNA 
stability is a documented mechanism of gene control 
(Brawcrman, 1987; Raghow, 1987). there has been no 
indication to date that it is involved in controlling renin gene 
expression. Recent evidence from in situ hybridization 
experiment? wing ! 4 H!pHy(lOT) • prohr <hows thai 
there is no detectable variation in the abundance of 
polyadenylatcd *RNA .within the adrenal glsnd of DBA/2 
mice cVlng oestrus. A similar analysis of 2 1 -hydroxylase 
mRNA distribution (using a probe kindly supplied by 
J Seidman) has show that transcripts arc constitutivcly 
present in both the X-zone and the zona fasckulau of DBA/2 
mice. Together, these experiments indicate that oestrus- 
dependent cycling of transcript abundance is renin specific 
and not due to the cyclic variation in cellular mRNA content. 
Additional transgenic mice carrying marker genes fused to 
renin 5' ttjquencc* will dWctly assess transcription regulation 
of the Ren-2 promoter and clarify the role of mRNA stability. 

Ovarian renin levels have also been shown to change 
during oestrus (Fcmndcz et at , 1985a; Scaky el a!. . 1987) 
and suppression of angiotensin II, the active product of the 
renin - angiotensin cascade, has been suggested to lead to 
inhibition of ovulation (Pcllicer et ai . 1988). Other genes 
have been observed to vary their expression during oestrus 
(tvell et a/.. 1985; Jin rf 1988; Van Tol et ai. 1988). 
but these studies do not suggest that the cell specificity of 
expression is altered as is the case in the present study. The 
function of the oestrusKkpendent cycling event is at present 
unknown. The adrenal renin -angiotensin system has been 
demonstrated to play % role in pouwsium-stimulatcd 
aldosterone production, and angiotensin II is known to elicit 
a mitogenic response in bovine adrenocortical cells (Gill 

et ai , 1977; Nakamura et ai . 1985). Further, angiotensin 
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□ ha* been indicated in angiogencsis, an imporunt dement 
of the oestrus cyck (Fernandei * a/., 1985b). Given the 
timescak of the cycling event*, it is difficult to envisage then* 
latter function* in this instance. However, since certain wild 
mouse species also expr^is adrenal renin in a cyclic mam*; 
this phenotype may well have a hitherto unknown 
physiological function, possibly in regulation of steroid or 
catecholamine synthesis. 

M«t#ri*i« and mtthod* 

PVe^ssnoakr) ee* OntA Sot m^flonjatajcelori 

ON A ww prepared by caseation of tfw <a^ck»if co^BAI <t»l^*f ^ 
IVS4b) wtdi XM. and sobewnjeni isolation of me 24 sb Xht* f rag*** 
ctmtaming me Jtew-J gene on e 10-20* sucrose g radi e n t la 10 mM 
Trie -HO. eH SO. tO mM EOT A, 200 mM sodium acetate r*raciJons 
ctmumMg the required fragment were pouted Mid rwovtwd by MhMoJ 
orec*>ieuon before being ceranfugad on ■ CeCl g ra d i e nt as deecrtbed by 
Hogsn w nV, (1966) 

Ttw DNA preneralkm was diluted to a fmel oetcentrnMon of I ag/mi 
m injection bulter (10 mM Tru. p«M ( 0lmM ROTA), and stored m 
*lk<u<«* at - 20 < C prior to uk- 

Sotscfeerrv btoUng 

Southern blots wm prepared by the method of Souther* (1975) 
Hyhndtmkjo prubes were prepared uttng the random rwianucteotn* priming 
rrwtr**ofrVii»ecgaj»dVu^ 

out according to kfYrey* rt «/. (19*0) Final *«*hcs were * I x SSC, 
0 1% SOS m 63-C. and fiHer* were esposed to Kodak XAR 5 Ami with 
an imcnMfkstioe kiwi at -70*C. 

f n hytafettfltfttott 

T^aw*. were MWo-(Vwn mi 2 methyl bourn on dry ice -ethnnol end stored 
under U^uki nttro^n prior to use. rrozen section* <S *m) cut using 
• Rc^chen Htstostat end hybridusd with >5 S-bbdicd cRNA probes of 
50- 150 nucleotides m length prepared by ptnkJ bydror/M* of p$tM or 
pMLS derived tneurripts as described by McOownn ( 1967). These pessmick 
cor*a*ne9ll bp *srl~firl mamc *MO renin cDNA fragristni ssoisSed 
from pOD-tD2<PWd ere/.. 1964) cloned into me vectors pSTM (pMLS) 
and pSF65 <p5LM>. For the adrcMl gland *odie*. slides of D6A/2 SMO 
and ksdney were mdededmcon^ 

included hybridisation* with e ^-labelled renin UNA probe (pMLS 
terser eurteeteAsrt ae)e\eyg 

Pnmer ente^km reactions were carried can on total RNAp*epumiei*^ 
***r*nUy as described by Field end Get**, ( |9f 5) ewe* mat AMV ftvem 
tratMcriptaie ww obtained from BRL Tht* uuy utet ■ 3Smer 
otlgonucteotkk (Field tad Orot^ I9S5) which hybridue* equnlry well *> 
Kith Rm 2 end Rf* r trtmcrip^ Upon rev*r»e-tr»«*cnpt>on in the 
premence of odCTP in»*c»d of dCTT, fenc tpeciftc product* of 55 end 43 
nucleotides ere reduced for 2 end **n*V respectively. The )«mer 
di^micleotide wts 5' end-lebe«ed with ( U P >|ATP (>000 Ci/mmot. 
purvhened from NEN) uting T 4 porynucleotWe kmnse (MenMtk etof.. 
I<W2> Estenslon products were e ^ tr o phore s ed on Sit scryUmide uree 
prh snJ pbced on Kocmk XAR « -70*C. w*th sn m*f*tfymt •croen 

AMA nocf OAtA isoAsftof) 

Total RNA was tsoUted from mature mice either by b«tiofe*uation of 
ttumes in an equal mixture of pr^ cfOorofonn woarrryl alcohol <23:24. 1 ) 
urxJTUKSfO I M Tri*-HC1. pH 9.0, 0.1 M UO, 100 mM EOT A, 1% 
SOS), or by Norr»fenixabon in piaradine isotruocyanaSt (Cmrgwin « W. , 
IW). In both procedures die RNA was purifted by centriru«**ion of me 
auueous extract through 5.7 M CsO. 0. 1 M EDTA. pH 7.5. a* described 
by Multim rt «* ( 1WQ). Peiktt of RNA were reauspended in DBPOtwaied 
water and ethnnol prevSpMased After fWml resu*permoa in DEPC creased 
water all RNAs were stored at -70 # C. 

DNA was prepared from small pieces of tail tissue according to the 
procedure of rlamhan (Hogan <r a/.. 1936). uu^e scale jjenomic DNA 
preparations were made from livet tissue by the method of Jeffreys er ai. 
(I9SO) 

Coo e ftrsjctte r i c4 SW MS Sgai s t o a n * wa Sj 

Animals were maintained on s 12 h Itght -dark cycle. FertiUied eggs 
(BCF 2 ) were denved ftcw s cross of C57BL/IORo«y x C3H/HeRos Fl 



mice after siayerov^kttoe of Imnaahwe fim t ln 0-3 waste of nee) by 
iniecbon of 10 was of e rsgnan t mm** Sanaa y ss sto s naas i (Psosysa* lac. . 
Oucnao, u^)60hprioriothemsiS7c4ntofs^a^ 
occurred, and 10 unto of human cboneak ae s aJa s jca saa (tajass) 12 h 
prior so an msdooint. Bags ware oaJ s smd, ssscrasnji i i uJ sad rei m sn sa tt i 
at dascTibsd by Hogan H af ( |9iS) Td nm i dwase sarvival rate, eggs we 
fostered by He/ICR femalea a»t had already aucceeaaatty waanad a laser. 

Aiwae^S^nsioewaestaaad far tte p i n ofSmr g n t by Scaabcrn 

Meeting of ttUPN A pt synmiuaa, AM nsiqeiaied toShatsseeV were Asiln J 
fyum mt West Senacn I boratortas (West fcaast, NY). wSfc ate saas s sss a 
t>( Sw C Wh I . fea) (DK) mice (s DSW2N oo nge ak strata carrying 
the aALaVcAnrl renin bcus) wmeh ware kindly ■covidad by Or M.IStfser 
tNIHl. 

Hiahhy young Samak mica 12 waais cad) were bea med w a room 
c onta ining cages of breeding mates, in order so s t i mul i! a rogusar oaatrus 
cycle. Animals ware maintained ona 12 b ligWaart schadait aad attowed 
1-2 weeks to ac^w to new awreaasdinas before vagsnai eassa rtag 
' commenced. Tsa'aasaaji-iaefs BseSQfSSSd ssW^adraaag an a deary beaav 
uMa hasaa aV^I en asicfoaocew sbeas and ana aaatad aah nssaVilane bbat 
The tnagw of oeatret was dtea east m ens J by viewing da> eaal pu ssjIa Hu a 
praseat as dsacribed by Allan ( 1922). TW adoa aejN Mknasd wo* at least 
one futl cyck of oeetrus befer* adrenal gfcsnda waee reaaoved. Tboat daat 
were net cycimg ceakaasady ware not need In dst saady. and sake a h ar s ag 
a cage were kitted at dst same bme . sstos jneaajlnrti ks sn dm cycka were 
observed sftse jeperntkn or if a ir i m stsn f SSwak wsa wsnowe d . ASaar haBag 
SV ans m a k , die usarm and ovary ware es a m ina d toc<>nfVw* oorrect stngsng. 
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HLA-B27 IN INBRED AND NON-INBRED TRANSGENIC MICE 

Cell Surface Expression and Recognition as an Alloantigen in the Absence of 

Human /^-Microglobulin 1 

JOEL D. TAUROG, 2 * LINDA LOWEN/ JAMES FORMAN/ and ROBERT E. HAMMER* 

From the •Harold C. Simmons Arthritis Research Center, the 'Departments of Internal Medicine. * Microbiology, and 'Cell 
Biology, and the 'Howard Hughes Medical Institute, University of Texas Southwestern Medical Center, Dallas, TX 75235 



A gene encoding the H chain of the human class I 
MHC Ag HLA-B27 was introduced into the germ 
lines of inbred C57BL/6 (B6) and non-inbred (B6 x 
SJL/J) F 2 mice. By immunofluorescence and flow 
cytometry, the HLA-B27 gene product was ; ex- 
pressed on lymphoid cells at levels comparable to 
the endogenous H-2 b and H-2 8 class I MHC mole- 
cules. In both primary and secondary MLC between 
responder spleen cells from non-transgenic (B6 x 
SJL/J) F t mice and transgenic stimulator cells, CTL 
were generated that specifically lysed mouse L cell 
(H-2 k ) or human B cell targets expressing HLA-B27, 
and this lysis thus appeared largely unrestricted by 
H-2. These results indicate that transgenic mice 
express a functional HLA-B27 gene product on cell 
surfaces in the absence of the human ^-microglob- 
ulin gene* These transgenic mice promise to be a 
valuable resource in the investigation of the unique 
role of HLA-B27 in inflammatory human disease. 



HLA-B27 is a serologically identified group of human 
class I MHC molecules, consisting of allelic 44,000 M r 
glycoprotein H chains encoded by the HLA-B locus of the 
6th chromosome, expressed on cell membranes in non- 
covalent association with a non-polymorphic 12,000 M r 
L chain, /3 2 nr\ encoded on the 15th chromosome (1, 2). 
B27+ individuals are at significantly greater risk than 
B27~ individuals for developing any of several inflam- 
matory disease states, including ankylosing spk)ridylitis, 
reactive arthritis, or acute anterior uveitis (3, 4), 

Although it remains formally possible that the actual 
disease susceptibility factor is a gene in tight linkage 
disequilibrium with HLA-B27, considerable evidence in- 
directly supports the hypothesis that the B27 gene prod- 
uct itself is Involved (4-6). However, despite the fact that 
several micro-organisms have been identified as triggers 
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of B27-associated disease in humans, the mechanism by 
which B27 molecules might participate in disease path- 
ogenesis is completely unknown. Investigation of this 
mechanism would be facilitated by the availability of an 

t ^xperimehtal anlmal expressing the B27 gene. 

' h ''^:Recentiy^lCilmpe|]f6it^'al. (7) reported the introduc- 
tion of two HLAvB27^ into the germ lines of non- 
inbred mice. However, neither B27 gene product was 
expressed on cell surfaces in the host strains of mice. 
Expression was obtained in mice that were the progeny 
of crosses between transgenic B27 mice and transgenic 
mice bearing the human # 2 m gene; only those progeny 
inheriting both genes expressed the B27 molecule on 
lymphoid cells, as detected by flow cytometry. The B27 
gene product of these double transgenic mice was shown 
to function as a restricting element for anti-viral re- 
sponses, as would be expected of a class I MHC product 
(8). 

Although these findings represent a significant ad- 
vance, it would nonetheless be more convenient to have 
a B27 transgenic animal model expressing a functional 
B27 gene product in conjunction with the endogenous 
£ 2 m. In addition, it would be advantageous for immuno- 
logic studies to have the B27 gene expressed on an inbred 
background. In this communication, we report the pro- 
duction of both inbred and non-inbred lines of transgenic 
mice. , expressing physiologic levels of HLA-B27 in the 
^absence of ^any ^rtheritransgene. The B27 gene product 
iwas shown to be recognized as a class 1 MHC molecule by 
murine, allogeneic CTL. These B27 transgenic lines will 
be valuable in the investigation of B27-associated disease 
and of class I MHC gene function. 

MATERIALS AND METHODS 

Mice, C57BL/6J (B6) and SJL/J mice were purchased from The 
Jackson Laboratories. Bar Harbor, ME, and (B6 x SJL) Fi mice were 
bred in our animal facility. Outbred Swiss mice were purchased from 
Simonsen Labs, Gilroy. CA. 

Genes, A genomic clone, pE.l-B27, containing a gene encoding 
an HLA-B27 molecule of the B27. 1 subtype (2), was isolated from a 
Agt 10 size-selected library from a B27- homozygous ankylosing spon- 
dylitis patient, as previously described (9). The 6.5-kb EcoRI Insert 
was subcloned and propagated in pUCl9. 

Germ-line injection. The isolated insert of pE.l-B27 was micro- 
injected into the male pronucleus of fertilized B6 or (B6 x SJL) F 2 
eggs, which were transferred to pseudop regnant foster mothers, as 
previously described (10). 

Identification of B27 transgenic mice. Genomic DNA was pre- 
pared from tail biopsies of weanling mice and hybridized on nitro- 
cellulose filters with 32 P-labeIed probes specific for the microinjected 
gene, as previously described (10). Two probes were used: a 0.6 kb 
EcoRI-Xbal fragment from the 5' flanking region of the pE.I-B27 
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insert, and a 1.6 kb Xbal-Xbal fragment from the 3' flanking region 
of an HLA-B7 gene, p 1 2. 1 -B7 (9). 

mAb and Jlow cytometry. Lymphoid cell surface expression of 
HLA-B27 was detected with the following mAb: ME1 (antl-HLA-B27) 

(11) , and B9. 12. 1 and B. 1 .23.2 (both monomorphlc antt-class I HLA) 

(12) . H-2D b was detected with the antibody 28-14-8S (13). and H-2" 
molecules were detected with the antibody 3-83P (14), The mouse 
myeloma PI. 17 was used as a non-specific control. B9.12.1 and 
01 .23.2 hybridoma lines were provided by Dr. F. Lemonnier. Inserm- 
CRNS, Marseille. France, and the antibodies were used as either 
hybrtdoma supernatant or affinity-purified antibody. The other hy- 
bridoma lines were purchased from the American Type Culture 
Collection. Bethesda. MD and used as affinity-purified antibody 
(ME1 and Pi. 17), hybridoma supernatant (28-14-8S), or clarified 
ascites (3-83P), After incubation of spleen or PBMC with mAb. the 

- washed cells were incubated with FITC-labeled F(ab)' 2 goat anti- 
mouse Fc 7 or FITC-goat anti-mouse IgG (H and L chain) antibodies 
(Cappel, Malvern, PA). Cytofluorometry was carried out on a Becton 
Dickinson FACStar (Becton Dickinson. Mountain View, CA) as pre- 
viously described (9). In all assays, the binding of the anti-HLA 
antibodies to non transgenic (B6 x SJL) F, lymphoid cells and of the 
irrelevant antibody PI. 17 to either non-transgenic or transgenic 
spleen cells gave superimposable negative patterns. 

Cell Itnes. L cell transfectlons were carried out as previously 
described (9). The L cell line J26 (15), expressing the human ^m 
gene, was provided by Dr. P. Kavathas, Yale University, New Haven, 
CT: the line 2.3.6, expressing high levels of HLA-B27, was produced 
by co-transfecting J26 cells with the plasmids pE.l-B27. and ^ 
pSV2Neo, followed by selection with the antibiotic G418 (16). The 
human lymphoblastoid cell lines used. were: MC (HLA-A1, A3, B8. 
B27). KASB (HLA-A1, A2, Bw57. Bw63), and Daudi (null HLA-A, B. 
C expression). 

Allogeneic CTL responses. Primary in vitro MLC was carried out 
as previously described (17). Briefly. (B6 x SJL) F, responder spleen 
cells at 5 x 10 6 cells/ml were cultured for 5 days with an equal 
number of irradiated (3000 rad) transgenic B27 spleen cells. The 
secondary response was assayed following a similar 5-day MLC 
containing responder spleen cells from (B6 x SJL) Fi mice primed 
i.p. 1 to 4 wk earlier with 3 x 10 7 B27 transgenic spleen cells. Both 
primary and secondary effector cells were tested in a 4-h 51 Cr release 
assay against transfected mouse L cell targets or human LCL targets. 
Data are presented as % cytotoxicity = 



100 x 



isotope release by effector cells - 

spontaneous release 

maximal release - spontaneous release 



Spontaneous release for all targets ranged between 10 and 25% of 
maximal release. Each E/T combination was assayed in triplicate, 
and for each the SEM did not exceed 5%. 



RESULTS 

Integration and expression o/ HLA-B27 gene in (B6X 
SJL) F 2 mice. From a total of 279 fertilized (B6 x SJLj Fj 
ova, 64 live pups were obtained Hybridization of genomic 
DNA from these mice demonstrated that eight had incor- 
porated the HLA gene. Spleen cells from these eight Were 
tested for cell surface expression of HLA-B27 by flow 
cytofluorometry. Four mice, numbers 11-5, 12-4, 18-3, 
and 21-5, showed substantial expression of HLA-B27, as 
detected with the mAb ME1. Spleen cells from two other 
mice showed slight reactivity with ME1, whereas spleen 
cells from the remaining two B27 mice showed no binding 
of ME1 above background (Table I). 

The four mice with significant B27 expression were 
bred with non-transgenic (B6 x SJL) Fj mice. Offspring 

TABLE I 

Integration and expression of the HLAB27 gene In transgenic mice 







Offspring 


Recipient Strain 


Ova 
Transferred 


B27 gene 
integrated/ 
total 


B27 cell 
surface 
expression 


(B6 X SJL) F 2 
B6 


279 
332 


8/64 
11/28 


6 
4 



were tested by DNA hybridization for germ-line inherit- 
ance of the B27 gene. Spleen cells from representative 
DNA + offspring were assayed by cytofluorometry for cell 
surface expression of B27 and the endogenous H-2 b and 
H-2 S molecules. As exemplified in Figure 1, all four foun- 
der animals produced progeny positive for the B27 gene 
at the level of genomic DNA. In each of the four cases, 
the expression of the B27 gene product showed similar 
cytofluorographic patterns in the founder mouse and its 
corresponding representative offspring. 

In three of the lines, 12-4, 18-3, and 21-5, the spleen 
cell surface expression of HLA-B27 approximated that of 
the endogenous H-2 class I molecules. This can be seen 
in the cytofluorographs for the offspring mice in Figure 
1, and is specifically demonstrated in Figure 2. in which 
background fluorescence has been subtracted out. Mouse 
21-5-4, which was heterozygous for H-2 b and H-2*, 
showed net mean channel fluorescence intensity for 
HLA-B27 that was virtually indistinguishable from that 
of either H-2 allotype, ; 

Integration and* expression of HLA-B27 gene in B6 
mice: From a total^f 332:inierQ7injected and transferred 

OrM 

1 2 I 3 4 

A 6 Aro 1 

t 2 3 4 5 6 7 6 g 10 11 1 8 




10° 10' 



10 2 10 3 10° 10 1 10 2 
Fluorescence Intensity 



Figure 1 . Inheritance of the HLA-B27 gene and cell surface expression 
of the gene product. The founder (B6 x SJL) F 2 mouse 18-3 was bred with 
a (B6 x SJL) Ft non-transgenic mouse and the offspring tested for genomic 
integration of the B27 gene by DNA hybridization. One of 4 first genera- 
tion offspring and 7 of 12 second generation offspring inherited the 
transgene, as indicated by the closed symbols. Spleen cells from the 
founder. 18-3. and offspring., 18-3-3. were tested In separate assays for 
cell surface expression of . HLA-B27 with the mAb ME1. 20 jig/ml: in the 
/case of theoff spring, H*2D*> wasiassayed with the mAb 28- 1 4-8S. at a 1 / 
2 dilution of hybridoma supernatant^ In the assay of 18-3 cells, the FITC- 
labeied ^second antibody :was a goat-anti mouse IgG H and L chain: 
background staining of splenic 8 ceils by this antibody has been sub- 
tracted from the pattern shown. In the assay of 18-3-3 cells, the second 
antibody was specific for the IgG Fc fragment and showed no background 
staining. 

86 30-2 6XS 21-5-4 BXS 21-5-4 





10° 10 1 40 2 10* 
FluOf«sc«nc« Intensity 

Figure 2. Comparison of cell surface expression of endogenous and 
transgenic class I MHC molecules. Spleen cells from the B6 mouse 30-2. 
the (B6 x SJL) F a mouse 21-5-4, and a control (B6 x SJL) Fx mouse were 
assayed with the anti-HLA class I monomorphic antibody B.9.12.1 (1/2 
hybrtdoma supernatant), anti-H-2D b (28-1 4-8S, 1/2 hybridoma superna- 
tant), or anti-H-2V (3-83P. 1/100 ascites). Background staining of the 
control spleen cells has been subtracted from the patterns, and mean 
channel fluorescence [MCF] of the positively staining population Is indi- 
cated. Comparable expression of the B27 transgene product and of the 
endogenous class I H-2 molecules is demonstrated. 
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B6 ova, 28 live pups were obtained (Table I), Hybridization 
of genomic DNA from these mice demonstrated that 1 1 
had incorporated the HLA gene. Spleen cells from nine 
of these were tested for cell surface expression of HLA- 
B27 by flow cytofluorometry. Four mice, numbers 26-3, 
26-6, 30-2, and 30-4, showed substantial expression of 
HLA-B27, as detected with the monoclonal antibodies 
ME1, B9.12.1, and B.23.2 (Fig. 2). Three of these mice 
were bred with nontransgenic B6 mice. Offspring of all 
three showed germ-line inheritance and expression of 
the gene (data not shown). 

Allogeneic recognition oj HLA-B27 by cytolytic T 
cells. To assess recognition of the B27 transgene product 
as a class I MHC determinant by non -transgenic mouse 
spleen cells, primary and secondary in vitro MLC were 
established between non-transgenic responder (B6 x 
SJL) Fi spleen cells and irradiated B2 7* transgenic stim- 
ulator cells. In this combination, the only stimulator Ag 
not shared by the responder is HLA-B27. After 5 days, 
the cultured cells were tested as cytolytic^H/effectors «•'- 
against B27 + and B27~ mouse and human targets; 

As shown in Figure 3; the B27-stimulated Fi cells lysed - 
B27 + L cell transfectants to a significantly greater extent 
than B27" L cell transfectants. Because the responder 
cells were H-2 b X H-2 8 and the L cell targets were H-2\ it 
appears from this result that recognition of B27 in this 
system need not be H-2- restricted. 

That this recognition was unrestricted by H-2 is further 
suggested by experiments such as those shown in Figure. 
4, in which F, effector cells lysed B27* human targets to 
a significantly greater extent than B27" targets. In other 
experiments, line 18-3 and line 12-4 cells were separately 
observed to generate anti-B27 CTL, and specific lysis of 
Daudi cells was <3% (data not shown). 

DISCUSSION 

These experiments have demonstrated that introduc- 
tion of an HLA-B27 gene into the germ line of both (B6 x 
SJL) hybrid mice and inbred B6 mice by micro- injection 
results in physiologic cell surface expression of the HLA- 
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Figure 3. Cell-mediated cytotoxicity assay of primary and secondary 
(B6 x SJL) F, anti-B27 CTL against murine L cell targets. A, Non- 
transgenic F, ceils were cultured 5 days in a primary MLC with irradiated 
B27* cells of the 18-3 line and assayed against transfected L cell targets. 
O. 2.3.6 L cells transfected with HLA-B27, human 02m, and the selection 
marker thymidine kinase (tk): A, transfected with H-2K b (18) and tk: «. 
transfected with tk alone. B. Non-transgenic F, mice were primed in vivo 
with 3 x 10 7 line 18-3 827* spleen cells. After 4 wk. the primed F l spleen 
cells were cultured in a 5-day MLC with B27"" irradiated stimulator cells 
from lines 21-5 and 1 2-4. then assayed against transfected L cell targets: 
O. B27* 2.3.6 ceils. B27- J26 cells. 



■/i i' Figure 4V\; : .6ell-:mediated cytotoxicity assay of primary and secondary 
>(B6 x SJL) Fi .anti-827 CTL against human targets. (B6 x SJL) Fi spleen 
• cells from naive donors {primary response) or donors primed 4 wk earlier 
"with 3 x TO 7 ^B27*^ liner;! 8-^.^pleen cells (secondary response) were 
•cultured In a 5-day MLC with irradiated B27* line 21-5 and 12-4 spleen 
cells, then assayed against human LCL targets: O. B27* targets of the 
primary and secondary responses, respect ivelyr .O, B27~. targets of -the 
primary and secondary responses, respectively. 

B27 gene product. Function of the B27 Ag as the stimu- 
lator of both primary and secondary allogeneic cytolytic 
T cell responses was also demonstrated; this result sug-., 
gests that the human transgene product functions as a 
normal class I MHC molecule in the mouse. 

Inasmuch as intracellular association with 0 2 m is 
thought to be critical for the efficient transport of class I 
MHC H chain molecules to the cell membrane (19) as well 
as for recognition by the monoclonal antibody B.9.12.1 
(12), the B27 transgene product is presumably trans- 
ported to the ceil surface in association with the endoge- 
nous murine £ 2 m. These results differ from those of 
Krimpenfort <et al. (7), who reported a B27 transgene in 
non-inbred CBA x B6 mice that expressed a product 
detectable with the anti-HLA class I mAb W6/32 only in 
animals that also expressed a human 0 2 m transgene. It 
•is possible that thistiifference in results can be explained 
by the fact that W6/32 binds much less well to the 
complex of HLA H chain and murine 0 2 m than to the 
complex of HLA H chain and human or bovine 0 2 m (20, 
21). Alternatively, in the studies of Krimpenfort et al. (7) 
the presence of the human 0 2 m might have served to 
augment the expression of B27 in transgenic mice com- 
parable to those of our mice that showed integration of 
the B27 DNA but were negative for B27 cell surface 
expression. This interpretation is supported by the report 
that the human 0 2 m gene augmented by 40-fold the cell 
surface expression of a transfected HLA-B7 gene in mu- 
rine cells (22), and by our finding that mean channel 
fluorescence of spleen ceils stained with B.9. 1 2. 1 or ME 1 
was -10 fold greater in mice inheriting both the B27 and 
human /3 2 m genes than in mice inheriting only B27 (J. D. 
Taurog and R. E. Hammer, unpublished results). 

Studies of the murine T cell response to HLA class I 
gene products expressed in human cells or transfected 
murine cells have suggested that murine anti-HLA CTL 
are largely restricted by H-2 (23, 24). and that the recog- 
nized entity may be HLA peptide fragments presented as 
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nominal Ag, rather than intact HLA class I cell surface 
nioiecules (25). Nonetheless, several aspects of our re- 
sults suggest that the CTL response of (B6 x SJL) F, 
spleen cells to the B27 transgenic ceils is largely a normal 
allogeneic response unrestricted by H-2. First, primary 
responses were observed. Second, these responses were 
increased by in vivo priming. Third, none of the target 
cells used shared H-2 Ag with either the stimulator or the 
responder cells. Fourth, since both mouse and human 
targets were lysed specifically, it is unlikely that co- 
recognition of a MHC Ag is involved. However, our studies 
have not excluded the possibility that an H-2-restricted 
response to HLA-B27 may also occur in MLC alongside 
the unrestricted response shown here. 

Our results confirm and extend those recently reported 
by Chamberlain et al. (26), who observed expression of 
an HLA-B7 transgene in (B6 x SJL) F 2 mice in the absence 
of human 0 2 m and allogeneic recognition of the B7 prod- 
uct. Our B27 transgenic mice appear to have approxi- 
mately threef old higher cell surface levels of transgene 
product, as assessed by comparing the relative cytofluo- 
rometric levels of transgene and endogenous H-2 gene 
expression in the two studies. In addition, whereas 
Chamberlain et al. (26) demonstrated generation of anti- 
HLA-B7 CTL in an MLC that was preceded by in vivo 
priming of the responder, we have demonstrated gener- 
ation of anti-B27 CTL in a primary in vitro MLC. We have 
also observed physiologic expression of HLA-B27 in 
inbred C57BL/6 mice, which should prove to be an im- 
portant resource for functional studies of the B27 gene 
product. 

Although the mechanism of B2 7 -associated disease in 
humans remains a mystery, several well-characterized 
gram- negative bacilli have been shown to trigger reactive 
arthritis, predominantly in B27 + individuals (27, 28). The 
existence of inbred transgenic mice with physiologic 
expression of HLA-B27 provides a convenient experimen- 
tal system in which to study in detail the interactions 
between HLA-B27 and known microbial triggers of reac- 
tive arthritis in humans. 
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